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AMO GmbH: Overview

§ Nanotechnology SME (non-profit)

§ 400 m2 clean room

§ >60 staff members

§ Johannes Rau Research Institute

§ > 40 funded R&D projects

§ >150 R&D partners

Key technologies

§ Silicon Technology Base

§ Nanofabrication (NIL, E-Beam, IL)

§ New Materials Integration

§ high-k/metal gate

§ Graphene & 2D

§ Perovskites

§ Plasmonics

§ Applications

§ Nanoelectronics

§ Nanophotonics

§ Integrated Sensors

Gesellschaft für Angewandte 

Mikro- und Optoelektronik mbH 

(AMO GmbH)

Managing Directors:

§ Prof. Dr.-Ing. Max C. Lemme

§ Dr. rer. nat. Michael Hornung
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Members (09/2020):

Prof. Christoph Stampfer (RWTH)

Prof. Joachim Knoch (RWTH)

Prof. Max Lemme (RWTH / AMO)

Prof. Markus Morgenstern (RWTH)

Prof. Renato Negra (RWTH) 

Prof. Daniel Neumaier (AMO / Uni Wuppertal)

Prof. Andrei Vescan (RWTH)

Benefits

• Collaboration in R&D projects

• International visibility

• Interdisciplinary  education of PhD / Master 

students

• Use synergies (existing infrastructure)

Goals

àAttract Junior Researcher Groups

àEstablish further industry collaborations

àCover the innovation value chain form basic 

research to technology demonstration

Aachen Graphene & 2D Materials Center

graphene.ac
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Graphene: Exceptional Properties 

Electronic properties

§ Semi-metal or zero-gap semiconductor

§ Linear dispersion relation

§ Intrinsic carrier mobility (suspended 

graphene in vacuum)

µ > 200.000 cm2 V-1s-1

§ Carrier mobility of graphene on SiO2 at 

room-temperature

µ = 1.000-20.000  cm2 V-1s-1 

Mechanical properties

§ Young’s modulus: ~1.10 TPa (Si ~ 130 
GPa) 

§ Flexible, elastically stretchable by ~ 
25%

§ ”strongest material known” (Exf. & 
CVD)

Optical properties

• UV to IR absorption

Thermal conductivity 

• ~5.000 W/m•K at room 

temperature (& suspended)

• ~ 100s W/m•K on SiO2

High surface to volume ratio

• Sensors 
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Diodes

© wikipedia

• Radio demodulation

• Power conversion

• Over-voltage protection

• Logic gates

• Ionizing radiation detectors

• Temperature measurements

……

© wikipedia



8|  wang@amo.de  |  www.amo.de  |

Conventional RF Diodes 

Schottky Diodes: 

Not thin film technology.

Insulator

Metal-Insulator-Metal (MIM) Diodes:

Thin-film tech, but the frequency 

performance is not optimal.

IEEE Trans. Electron Dev., 58, 3519, 2011.    Adv. Mater., 25, 1301, 2013.     Proc. IEEE, 102, 1667, 2014.

© electronics-tutorials.ws

© electrical4u.com
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Metal-Insulator-Graphene (MIG) Diodes

Adv. Electron. Mater., 2, 1600223, 2016.                          Nanoscale, 9, 11944, 2017.

• High parasitic capacitance 

• Oxide on graphene

• Exfoliated graphene

• Scalable process

• ALD for oxide 

• CVD graphene
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Scalable MIG Diodes

Shaygan et al. Nanoscale, 9, 11944, 2017.
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Transport Mechanism

Bias induced

barrier lowering

Nanoscale, 9, 11944, 2017.
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[1] Chin et al., J. Vac. Sci. Technol. B, 31, 051204-1 (2013). 

[2] Periasamy et al., Adv. Mater. 23, 3080 (2011).

[3] Urcuyo et al., Adv. Electron. Mater. 2, 1600223 (2016).

Benchmarking of MIG Diodes

Stack Material JON(A/cm2) fASYM fNL fRES(V
-1)

Nb/Nb2O5(5nm)/Pt [1] 2.0 9.8 8.2 16.9

Nb/Nb2O5(15nm)/Pt [2] N/A 1500 4 20

Ti/TiO2/Bilayer Graphene [3] 0.1 9000 8 10

Ti/TiO2/Graphene [Average this work] 3.8 320 12 24

Ti/TiO2/Graphene [Max. value this work] 7.5 520 15 26

Nanoscale, 9, 11944, 2017.
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2-Port Network Analysis

Shaygan et al. Nanoscale, 9, 11944, 2017.

Pin = -30 dBm

intrinsic model 

Port 1

Port 2

• RJ: diode junction resistance 

• RM: embedded metal electrode 

resistance ~3 Ω

• RG: graphene access resistance ~20 Ω 

(0 bias)

• COX: TiO2 geometry capacitance

• CQ: graphene quantum capacitance 

• Ctotal = 1.5 pF (0 bias)



15|  wang@amo.de  |  www.amo.de  |

RF Application of MIG Diodes

Diode for Demodulation

Nanoscale, 9, 11944, 2017.

Verilog-A based circuit-design compatible large signal compact model

IEEE Electron Device Lett. 40, 1005 (2019). Large-Signal Model of the 

Metal–Insulator–Graphene Diode Targeting RF Applications
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4 Metal layers:

• M1: 100nm Al (gate electrode, 

passives)

• M2: 20 nm Nickel (graphene 

contacts)

• M3: 110 nm TiN (resistors)

• M4: 2µ Al (passives, 

interconnects)

2 Dielectric layers:

• D1: 5 nm TiO2 (diodes)

or 5-10 nm Al2O3 (FET)

• D2: 90nm Al203 (encapsulation, 

capacitors)

Graphene is between D1 and M2, and can be used in 

diodes, varactors or/and transistors.

MMIC Process

Nanoscale, 10, 93, 2018.
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Sixport Receiver

Saeed et al. Nanoscale, 2018, 10, 93

QPSK (image) with -10dBm at 2.4GHz carrier 

demonstrated on quartz
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V-Band Power Detector

IEEE Trans. Microw. Theory Tech., 66, 2018, 2018.

DR=Dynamic Range, TSS=Tangential Signal Sensitivity
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More Integrated Circuit Examples
Double-Balanced Upconversion Mixer

3-Stage Distributed Power Detector

DR=Dynamic Range, TSS=Tangential Signal Sensitivity

IEEE MTT-S International Microwave Symposium (IMS), 2018.
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Photodiodes
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Edge Contact to Graphene

Science, 342, 614, 2013.

Ni Ni

Graphene

Al2O3

Resist

Advantages!

• Graphene with no contact to resist

• Graphene isolated from ambient 

during fabrication

• Edge contact for lower contact 

resistance

• Wafer-scalable fabrication
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1D MIG Diode

ACS Appl. Electron. Mater. 2019, 1, 6, 945–950
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DC Characteristic and Statistics

High Current!

ACS Appl. Electron. Mater. 2019, 1, 6, 945–950
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Flexibility of the 1D-MIG Diode

ACS Appl. Electron. Mater. 2019, 1, 6, 945–950
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Benchmarking of the 1D-MIG Diode

ACS Appl. Electron. Mater. 2019, 1, 6, 945–950
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2D or not 2D?

• easier fabrication

• weak interaction between graphene 

and oxide => high R

• parallel-plate structure => high C

• Large surface for functionalization

2D 1D

• R: lower contact resistance

• C: tiny junction cross-section (0.3nm)

• => higher cutoff frequency possible!
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Graphene Integration on CMOS Platform

Neumaier, Pindl, Lemme, Nature Materials 2019

Illarionov et al., Nature Communications, 2020

Growth on Ni, Cu, Ru, Ir, Ta…

Temperatures: 700-1000°C

Quality

Transfer process required

Quality

Electrical contacts

Etching (ALE)

Encapsulation (ALD)
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Wafer Scale Baseline Process

Metal

Substrate

(e.g. Si/SiO2 or Foil)

GFETs with global BG

Metal Al2O3

Substrate

(e.g. Si/SiO2 or Foil)

Encapsulated GFETs with global BG

Metal Al2O3

Gate

Substrate

(e.g. Si/SiO2 or Foil)

GFETs with local TG

200 mm wafer
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2D Experimental Pilot Line
H2020 Project Starting Oct 2020
4 years duration, 20 M€ funding

2D Experimental Pilot Line
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Summary

• Scalable process for MIG diodes

• Work as photodetector MIG/QD

• 1D MIG diodes delivers high current and low capacitive 

coupling, therefore low RC time constant

• Compatible with flexible electronics

• THz detection with rectenna configuration, also with flexible 

rectenna

• Detection response up to 170 GHz

• MIG diodes for RF power detection, with response up to 50 

GHz

• MMIC process based on MIG diodes

• Six-port power detector integrated circuits, and more IC 

examples

• Wafer scale integration of graphene based technology: Some 

demonstration available but.
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