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Y AMO GmbH: Overview

= Nanotechnology SME (non-profit)
= 400 m?2 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

Gesellschaft fur Angewandte
Mikro- und Optoelektronik mbH »= high-k/metal gate

(AMO GmbH) =  Graphene & 2D
= Perovskites

Managing Directors:
= Prof. Dr.-Ing. Max C. Lemme
= Dr. rer. nat. Michael Hornung

= Plasmonics
Applications

= Nanoelectronics

= Nanophotonics

» [ntegrated Sensors
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& Aachen Graphene & 2D Materials Center

N

AACHEN GRAPHENE & 2D MATERIALS
CENTER

graphene.ac

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)
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Benefits

» Collaboration in R&D projects

* International visibility

* Interdisciplinary education of PhD / Master
students

» Use synergies (existing infrastructure)

Goals

—> Attract Junior Researcher Groups

—> Establish further industry collaborations

—> Cover the innovation value chain form basic
research to technology demonstration




& Graphene: Exceptional Properties

Electronic properties

- Semi-metal or zero-gap semiconductor
- Linear dispersion relation
- Intrinsic carrier mobility (suspended

graphene in vacuum)
u > 200.000 cm? V-1s-1

Optical properties

: Carrier mobility of graphene on SiO, at _
room-temperature . UV to IR absorption
u = 1.000-20.000 cm2 V-1s" Thermal conductivity
Mechanical properties ) ~5.000 W/m-K at room
- Young's modulus: ~1.10 TPa (Si ~ 130 temperature (& suspended)
GPa) . ~ 100s W/m<K on SiO,
0 Flexible, elastically stretchable by ~ High surface to volume ratio
25% . Sensors
. "strongest material known” (Exf. &
CVD)

| wang@amo.de | www.amo.de | 5
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‘ oul Diodes

cm © wikipedia
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* Radio demodulation

* Power conversion

* Qver-voltage protection

* Logic gates

* |onizing radiation detectors
* Temperature measurements
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Schottky Diodes:

Not thin film technology.
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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.
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e High parasitic capacitance
* Oxide on graphene
e Exfoliated graphene
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Adv. Electron.

Resistance (Ohm)

Mater., 2, 1600223, 2016.

Voltage (V)
Scalable process
ALD for oxide

CVD graphene

Nanoscale, 9, 11944, 2017.



Scalable MIG Diodes

(a) (b) TiO,

(C) Graphene

AL
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Transport Mechanism
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1=k AMO Benchmarking of MIG Diodes

300 12 30
! 20«
200+ 3: P 10-
q..g 2 ] ?:-n 0-
E ..._.E
100+ 44 -10
Jr ' dJ /J’ d?
== | =L /L -20 _ a7 /4
i . th‘l’l,jﬂl al . | L .dv v N fres = 377/ 37
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2 1 0 1
Voitage (V) Voltage (V) Voltage (V)
Stack Material Jon(A/cm?) Taame i} fres(VY)
Nb/Nb,O.(5nm)/Pt [1] 2.0 9.8 8.2 16.9
Nb/Nb205(15nm)/Pt [2] N/A 1500 4 20
Ti/TiO,/Bilayer Graphene [3] 0.1 9000 8 10

[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).

| wang@amo.de | www.amo.de | Nanoscale, 9, 11944, 2017. 12
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& 2-Port Network Analysis

* R,: diode junction resistance
* R\ embedded metal electrode
resistance ~3 Q

R§ * Rg: graphene access resistance ~20 Q
. (O bias)
Port2 - C,y: TiO, geometry capacitance
I « Cq: graphene quantum capacitance
intrinsic model ,rl q- graphene g P

* Cipta = 1.5 pF (0 bias
Cex Ci total pF ( )

| wang@amo.de | www.amo.de | Shaygan et al. Nanoscale, 9, 11944, 2017. 14



‘ & RF Application of MIG Diodes
hMM;:h’Y~ > k“(ij;\\' RWTH
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Verilog-A based circuit-design compatible large signal compact model
IEEE Electron Device Lett. 40, 1005 (2019). Large-Signal Model of the U '_‘ B
Metal-Insulator—Graphene Diode Targeting RF Applications

| wang@amo.de | www.amo.de | Nanoscale, 9, 11944, 2017. 15




Y MMIC Process

2 Dielectric layers:

e D1:5nmTiO2 (diodes)
I or 5-10 nm AI203 (FET)
.| * D2:90nm Al203 (encapsulation,
capacitors)

Capacitor Inductor Resistor

41 | : 4 Metal layers:
D2{ y GRA i ' | e M1: 100nm Al (gate electrode,

passives)
e M2:20 nm Nickel (graphene
contacts)

e M3:110 nm TiN (resistors)
e M4: 2u Al (passives,
interconnects)

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

diodes, varactors or/and transistors.

| wang@amo.de | www.amo.de | Nanoscale, 10, 93, 2018.
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Sixport Receiver
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Sixport
= input Receiver
w-wu-—<:r!s ><
L Power Spiier | 90 Couphr El_. LGCI'OVGZXI
1 . a, Calibration
X WG diodes
it 3
L L
QPSK Demodulation
= Inphase differential outputs
l 2‘.r k
[ 2F 2 ‘qé‘ ® 03 }. >
‘ .‘ g T ‘7 x. ®
. " L e e
B ¥ i ’ 5,
—, e 5 osk 4‘_’ . tqﬁ:
2gm 5 i % >
; 1 : y _ 8,
E 5t o ¢
oL ; ‘_ ,‘-‘ ? qlAl&;";u' QA g ’
: . ... QPSK (image) with -10dBm at 2.4GHz carrier
PANET) [TIT demonstrated on quartz, |
Quadrature differential outputs e , = ! n.;)o:u ' - > = ‘
Scheme No. of active devices Maodulation fer (GH2z) Pp (dBm) Power consumption (mW) Conversion gain (dB)
Single stage™ 1 GFETs Amplitude modulation 2.45 NA NA -35
Three stages'* 3 GFETs Frequency modulation 4.3 -2 20 -10
Six ports [This work] 4 MIG diodes 20 MHz QPSK 2.45 0 0 -7
| wang@amo.de | www.amo.de | Saeed et al. Nanoscale, 2018, 10, 93 17



&J \V-Band Power Detectﬁr

. -5 ,
—~Sample-1
~-Sample-2

@ 60 GHz —~Sample-3
-10 ' ' "~ Sample-4
Sample-5
o Noise - Sample-6
g -15 |- Aimit .|~Sample-7
>'g —Sample-8
: -20
- Max. RF
- power limit

DR PLi/ TSS Area Responsivily Frequency

Tech./Sub. Scheme 2
ech./Sub cheme (dB) (dBm) (mm?) (V/W) (GHz)

[Saeed:2017cra] fl?gn”’;‘ L‘“"d“B"m' 50 -50 0.15 15 60
[Wei:2017do] g;;‘;; D"““Efg"e'j 20 23 0.45 68 110
[Hrobak:2013bq] Snﬁﬂ‘hmky“ i"jﬁ 25 50 | 0635 1000 110

DR=Dynamic Range, TSS=Tangential Signal Sensitivity
| wang@amo.de | www.amo.de | IEEE Trans. Microw. Theory Tech., 66, 2018, 2018. 18



TEE A Vi More Integrated Circuit Ex

L.O

R cogut RE balim l

ORI e

- UNIVERSITY

R 4 Ref. Substrate Device RF frequency | Conversion gain | LO power
m:;‘:l:li‘n: [2] Silicon-CMOS GFET 3.5 GHz -33 dB 8.9 dBm
; . 200 pm [3] Silicon GFET 4 GHz -45 dB 15 dBm

[4] Sic GFET 88-100 GHz -18 dB 8 dBm

[8] GaAs Schottky diode  5-12 GHz -9 dB 10 dBm

This work Glass Graphene-diode  6-12 GHz -10 dB 15 dBm

[ TSS Freq.
Ref. Tech. (dBm) (GHz)
2 GFET -6l 3
[ 65nm-CMOS -36 0.01-110
7 65nm-CMOS -40 0.01-110
8 GaAs Schottky =57 Gl-110
J 1] 0.25um SiGe -45 7-20
This Custom
work MMIC = il

DR=Dynamic Range, TSS=Tangential Signal Sensitivity

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

IEEE MTT-S International Microwave Symposium (IMS), 2018.
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The Institute of Photonic
Sciences
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X558 A v Edge Contact to Graphene

Al,O,

[ o N=-25x10"cm*
| ® n=4+25x10"cm?

graphene

Advantages!
* Graphene with no contact to resist
* Graphene isolated from ambient

[ ) .
:2::; during fabrication
edge contact * Edge contact for lower contact
resistance

e \Wafer-scalable fabrication

| wang@amo.de | www.amo.de | Science, 342, 614, 2013. 22




‘ \IVI¢ 1D MIG Diode
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335k AMO

Flexibility of the 1D-MIG Diode

W
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& Benchmarking of the 1D-MIG Diode

Table 1. Performance Comparison of 1D-MIG Diodes with
Other Thin-Film Technology Based Diodes”

I(at1V) J(A/em®)  fasym fa (Q?_E?)

Nbqubzos(s nm)/ 128 uA 2 9.8 82 169
Pt
nm)/Pt’ 0.5V)

Ti/TiO,/bilayer 10 nA 0.1 9000 8 10
graphene E

TifTi()gfgnqphene 5.3 uA 3.8 320 12 24
(average) -

Ti/ Ti{)zlf: graphene 10.5 A 7.5 520 15 26
(max) "~

1D-MIG (average) 1.1 mA 5.1 x 10° 14.1 28 150
[ this work]

1D-MIG (max) 1.6 mA 7.5 X 10° 65.7 45 185

[ this work]

“The current level is measured at bias voltage of 1 V, except for ref 7,
which is measured at bias voltage of 0.5 V. The current density is the
value at bias voltage of 1 V.

| wang@amo.de | www.amo.de | ACS Appl. Electron. Mater. 2019, 1, 6, 945-950
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2D

TiO2

graphene Ni

 easier fabrication

« weak interaction between graphene
and oxide => high R

« parallel-plate structure => high C

« Large surface for functionalization

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

2D or not 2D°?

1D

graphene

TiO>

SiO,

R: lower contact resistance
C: tiny junction cross-section (0.3nm)
=> higher cutoff frequency possible!

1

fe = 2w R, C,

28
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& Graphene Integration on CMOS Platform

a, 51 CMOS chip b, Transfer of Graphene ﬁﬁphme

Temperatures: 700-1000°C
Quality

¢, Graphene patterning

‘Graph!ne

Transfer process required
Quality

Electrical contacts

Etching (ALE)

Encapsulation (ALD)

Neumaier, Pindl, Lemme, Nature Materials 2019
lllarionov et al., Nature Communications, 2020

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

Growth on Ni, Cu, Ru, Ir, Ta...
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d=hE A NVIO Wafer Scale Baseline Process

Metal

Substrate
(e.g. Si/SiO2 or Foil)

GFETs with global BG

Substrate
(e.g. Si/SiO2 or Foil)

Encapsulated GFETs with global BG

N _ |
y //
Gate ~ ~ . A é

————— — /

Substrate 200 mm wafer
(e.g. Si/SiO2 or Foil)

GFETs with local TG
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‘ H1 2D Experimental Pilot Line

€Y "umec RIXTRON

VTT micro resist
o Graphenea SUSS, Microlec technolf*Jgy

2D Experimental Pilot Line
V H2020 Project Starting Oct 2020

4 years duration, 20 M€ funding

| wang@amo.de | www.amo.de | GRAPHENE FLAGSH'P 35
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Summary

Scalable process for MIG diodes
Work as photodetector MIG/QD

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

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

Wafer scale integration of graphene based technology: Some
demonstration available but.

36
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