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University of Wuppertal:
e Established in 1972

* Covering all disciplines
e 23000 students (mainly from Germany)
e 260 Professors




Research Area “Novel Electronics and Photonics”

Chair of Smart Sensor Systems— Prof. Daniel Neumaier

Integrated Circuits
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* Sensor Read-out
* Sensor Control

3D Integration on CMOS
A [
. _ — 1\

Dielectric H
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p Si

¢ New Sensor Functionalities in Silicon

2D Materials

* Graphene
* MosS,
* hBN

Flexible Electronics

¢ Wearables
¢ Health-Care

Energy Harvesting

¢ Thermo-Electric
* RF-THz



Two dimensional Materials

Diamond

Graphite

Graphene

Carbon
Nanotubes

e 3

Fullerene / Cg,




Graphene device production
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High carrier mobility
Ultimately thin

 Optical transparent
relation

Flexible and strong
Chemically inert

 Biocompatible

» High performance active components (transistors, diodes)
» Compatible with Thin-Film-Technology.
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Crystal lattice:

e Atoms: Transition metal (Mo, W..) plus Chalcogen (S, Se..).
* Generally MX,: M is in the middle, X is on-top and below.
* Three atoms per unit cell.

* Top-view: hexagonal lattice.

* Van der Waals interaction between the different layers.

» k-space is also hexagonal (similar to graphene).

* Density pretty high (heavy metal). Typ. 5 g/cm?.

MoS, WS, MoSe, WSe,



Introduction

RF electronics Sensors
Transistor channel, Magnetic field,
antenna pressure, gas,
light
Packaging Flexible
Electronics
Antenna,
EMI shielding, 3 Smart fabrics,
heat spreader bio electronics,
ID card

. 4 Logic
Scaled transistor,

Coating, shielding, Neuromorphic
corrosion protection NEMS switch

Power Devices

Pressure sensor,
microphone

D. Neumaier, Stephan Pindl and Max Lemme Nature Materials 2019



Quantum Hall Resistance Standard

Oxford Instruments
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» IR imaging with graphene enhanced CMOS technology.

» Commercialized by different companies.
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TMDC based FETs for ultra-scaled logic

TSMC heads below Tnm
with 2D transistors at [EDM

Technology News | October 18,2022
By Nick Flaherty

higher-k
+ 49nm
HfO.

Researchers at leading foundry TSMC are developing transistors with feature sizes below Tnm t
scale chip designs even further and have shown the first nanosheet transistor with a gate all
around (GAA) topology

A strand at the coming IEDM device conference in December is looking at the development of
20D transistors using different materials. The conference, now celebrating 75 years, is an
important view of the roadmap for scaling transistor device technologuy.

The researchers at TSMC have been working with layers of transition metal dichalcogenides
(TMDs) such as MoS2 that are just one atom thick. A key challenge of these materials is that it's
quite difficult to deposit pinhole-free dielectric layers, or insulators, onto them. That makes it
difficult to incorporate them into the stack of materials which forms a transistor gate.

The team has integrated hafnium-based dielectrics formed by atomic layer deposition with the
monolayer TMD material MoS2, to build a top-gated nFET with a physical dielectric thickness o
3.4 nm and an electrically equivalent oxide thickness (EOT) of ~1 nm.

The subthreshold swing (SS) is key in MOSFET transistors, and the devices had a nearly ideal

CC Af #7N w\! /AAr

IMEC

Introducing 2D materials in the logic technology
roadmap: five-good reasons, three major-challenges

1. 2D materials have remarkable properties

2D materials are a class of materials that form two-dimensional crystals. In this elegant 2D form factor, they have

fascinating electrical, thermal, chemical and optical properties. Th of these materials is graphene, a

hexagonal honeycomb shaped sheet of carbon atoms. Graphene has an outstanding mechanical strength, a large

conductivity for both heat and electricity, and odd optical abilities.

Rist the evnlarmtinn of IN materale hae maniad far haunnd arsnhone Tha clace af trancitinn matal dichalennenidee wwith

2D materials such as tungsten disulfide (WS2)
can play a crucial role in the fabrication of
future logic chips. Due to their exceptional
properties, they promise to enable ultimate
gate length scaling, and can therefore extend
the logic transistor scaling roadmap. They
could also revolutionize how we think about
chip architecture, blurring the line between
front-end and back-end by enabling compact

back-end-compatible transistors

In recent years, lab-based 2D-transistors have
matured considerably, and a route is being
developed for their industrial uptake. In
parallel, remaining challenges towards
improved device performance are being
addressed

Below, luliana Radu, program director at imec
explains the worldwide interest in these
materials, especially their promise to further

extend the logic technology roadmap

luliana Radu

-12-



TMDC based FETs for ultra-scaled logic

* Metallic CNT used as 1nm long gate for a MoS2 FET.
e ZrO2 (high k) used as dielectric.
» Still very good FET behaviour.

DEVICE TECHNOLOGY

MoS, transistors with 1-nanometer
gate lengths

Sujay B. Desai,»Z? Surabhi R. Madhvapathy,? Angada B. Sachid,’?
Juan Pablo Llinas,"? Qingxiao Wang,* Geun Ho Ahn,"? Gregory Pitner,” Moon J. Kim,*
Jeffrey Bokor,* Chenming Hu," H.-S. Philip Wong,* Ali Javey"?-**

Berkley team, published in Science 2016
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TMDC based FETs for ultra-scaled logic

DEVICE TECHNOLOGY

MoS, transistors with 1-nanometer
gate lengths

Sujay B. Desai,»Z? Surabhi R. Madhvapathy,? Angada B. Sachid,’?
Juan Pablo Llinas,"? Qingxiao Wang,* Geun Ho Ahn,"? Gregory Pitner,” Moon J. Kim,*
Jeffrey Bokor,* Chenming Hu," H.-S. Philip Wong,* Ali Javey"?-**

Berkley team, published in Science 2016

Vis=5V
V=1V
MoS, thickness
— 1.3 nm

* Metallic CNT used as 1nm long gate for a MoS2 FET. E
e ZrO2 (high k) used as dielectric. <
» Still very good FET behaviour. ~

12 nm

—31 nm

10-13 | 1 | 1 | 1 | L
-2 -1 0 1 2

Vas Vs (V)

» Clear dependence on the layer number! 14.
12



TMDC based NMOS FETs

10
Target: Reliable nMOS FETs based on MoS, N
l 0011 !- Vds:IIVIJSgh\IzD; in ambien
Problem to be solved: z
Strong n-type doping after encapsulation; large hysteresis ﬁ' 100p |
F_ft‘:" IOpE-

Ipf
Reason: P
Charge transfer from Al,O, to MoS,; defect bands in Al,O, 10 |

1f L : : :
Solution: * N . EV] ? )
Introduction of hBN monolayer at the interface. 8

-15-

A. Piacentini et al. Advanced Electronic Materials (2022)



TMDC based NMOS FETs

(a) MBN-FET
h-BN+MoS,+h-BN

Al,O,

A. Piacentini et al. Advanced Electronic Materials (2022)

All 2D-Materials are (MO)-CVD grown

Layers stacked by subsequent wet-
transfer: Not optimal (contaminations)
but good enough.

Back gated FETs fabricated by optical
lithography and standard processing

-16-



TMDC based NMOS FETs
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A. Piacentini et al. Advanced Electronic Materials (2022)

FETs with hBN show:

No shift of threshold voltage after
encapsulation with Al,O,.

No difference between vacuum and
ambient conditions.

Little hysteresis.

Lower subthreshold swing.

-17-



TMDC based PMOS FETs
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AMO/BUW (unpublished 2023)



TMDC based CMOS circuits

Controllable strains were induced by placing the Pl substrate on rigid cylinders of different radii

2t
strain = —
r

AMO/BUW (unpublished 2023)
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TMDC based CMOS circuits

Gate Fabrication (lift-off) Dielectric deposition (ALD) and vias
AlLO; [wir |
7um Pl 7um PI 7um PI

=

=

=

|

h-BN+MoS,+h-BN transfer Edge contact formation and channel patterning Second gate lift-off and encapsulation
h-BN+ MoS, +h-BN h-BN+ MoS, +h-BN h-BN+ MoS, +h-BN
Ni Ni pd ] Ni Ni
Al,O, AlLO, [owr | ALO, w1
7um Pl 7um Pl 7um Pl

=

=

h-BN+WSe,+h-BN transfer Top contact formation and channel patterning Final structure
h-BN+WSe,+h-BN FBNe VoS, +h-BN h-BN+WSe,+h-BN : PMOS NMOS I
-BN+ MoS, +h-

I 2T [ ed g #a | h-BN+MoS, +h-BN | _h-BN+WSe,+h-BN :

[P ] NI N Ni Ni Pd Pd h-BN+ MoS, +h-BN
_ [pd ] I
00 Wi  [Pd ] I
7um PI 7um PI 30nmALO; powmm ||

l 7 um PI
e e e - - - - e - = = = = = = — I
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AMO/BUW (unpublished 2023)



TMDC based CMOS circuits

S
ﬁ —— V=15V
. ~ —— V=2V
>
_o||: PMOS S
@
[e)
Vi Vour e
2
—||: NMOS =
O
o 1 2 3 4 5
Vin Vour Input voltage (V)
1 = logic high
1 0 0 = logic low Almost perfect behaviour of the voltage transfer characteristic:
5 . - High Vg1 (equal to V) for low V,,,

- Low V7 (equal to 0 V) for high V,

-21-
AMO/BUW (unpublished 2023)



Mobility
(cm?V-1st)

IOn/IOff

CMQOS operation

RF performance
(max. operation
frequency)

Production efforts

Temperature (°C)

A. Piacentini et al. Advanced Electronic Materials (2023)

TMDC based flexible electronics

Metal-
Oxide

Up to 100

High

Poor
PMOS

~10 GHz

Medium

Low*

Organic

0.1-20

High

Poor
NMOS

~40 MHz

Low

Low*

0.1-1

High

Poor
PMOS

poor

Medium

~300

Poly-Si

Up to 100 Upto 100

Medium-
High

Yes

~60 GHz

High
~300

TMDC
(cvD)

High

Yes

~10 GHz

Medium

Low*

TMDC (Chemically

Exfoliated)

Up to 10

Medium

Yes

~40 MHz

Medium-Low

Low*

CNTs
(from

solution)

10-80

Medium

Medium
NMOS

~10 GHz

Medium

Low*
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Graphene RF ICs

o e

Capacitor Inductor Resistor

M4

D2{\y GRA

3 Dielectric layers:

D1: 5 nm TiO2 (diodes)

or 5-10 nm AI203 (FET)
D2: 90nm Al203
(encapsulation, capacitors)
D3 500 nm SU8 (inductors)

4 Metal layers:

Graphene / MoS, is between D1 and M2, and can
be used in diodes, varactors or/and transistors.

M1: 100nm Al (gate
electrode, passives)

M2: 20 nm Nickel (graphene
contacts)

M3: 30 nm NICr (resistors)
M4: 2 um Al (passives,
interconnects)

-23-



Graphene RF ICs

Up-conversion mixer 10 GHz QAM receiver on foil (2.4 GHz)

pemmmmmememes 0 TYAdA 4i4v 2 vessccaccccccecsssa

sheet20] ‘Diode ring

Reactive 300 jim.
matching

Power detector (60 GHz)




Graphene RF ICs

L.O balun L
LO input Qm— - .
= Fully integrated mixer for 6-12 GHz MIG diodes
= Ring mixer core: 4x MIG diodes, _
= MMIC process: Reactive matching, LO & RF = I
balun C: G
n n
-s=Conversion gain (Meas.) ~++Conversion gain (Theory) — | 1° IF input
_6 o tasa— lC3
M ENEEEENNENEINENRNENNENNNENNNEN ) RPoutput R'Fbalun = =

E.,, _8 '......-- PYY R NR ] (A EXEREENNEN

z st} 3 RE Batlun 8 ‘Diode ring ' LO Balun !

c

'@D -10

c

2

£ -12 -

> P, =-20 dBm

S.1a P,=15dBm |

-16 | Reactive 200 1im
6 7 8 9 10 11 12 matching
RF Frequency (GHz)

A. Hamed, et al., “6-12 GHz MMIC Double-Balanced Upconversion Mixer based on Graphene Diode,” IMS 2018, pp. -25-

674-677. DOI: 10.1109/MWSYM.2018.8439211



Graphene RF ICs

-

= Fully integrated mixer
= Ring mixer core: 4x MIG diodes
= MMIC process: Reactive matching, LO & RF balun

Reactl.ve 200

matching
Ref. Substrate Device Scheme RF frequency  Conversion gain  LO power
[2] Silicon-CMOS GFET Double-balanced, partially integrated, resistive mixer 3.5 GHz -33 dB 8.9 dBm
[3] Silicon GFET Single-device, hybrid, resistive mixer 4 GHz -45 dB 15 dBm
[4] SiC GFET Single-device, integrated, resistive mixer 88-100 GHz -18 dB 8 dBm
[8] GaAs Schottky diode Double-balanced, fully integrated, diode mixer 5-12 GHz -9 dB 10 dBm
This work Glass Graphene-diode Double-balanced, fully integrated, diode mixer 6-12 GHz -10 dB 15 dBm

A. Hamed, et al., “6—-12 GHz MMIC Double-Balanced Upconversion Mixer based on Graphene Diode,” IMS 2018, pp.
674—677. DOI: 10.1109/MWSYM.2018.8439211

-26-



Graphene device production

Possible integration scheme (e.g. on CMOS)

a, Si CMOS chip

EOL

R
S [ e/ \ [perer]

— .H"H'.

pSi n weII

FEOL

¢, Graphene patterning
IGraphene

AR i
I 2 o A
IWH"H'.

p Si n weII

e, Via etching

Graphene
arrier
w Dielectric
o | [ s LS 1[D

b, Transfer of Graphene Graphene
¥

Sl Lleeerel e |

p Si n-well

d, Graphene encapsulation

‘Graphene

Barrier

“”H"H'

p Si n well

f, Via and contact metallization

A\ A A
[

arrler

“"H"H'

p Si n weII

-27-

D. Neumaier et al. Nature Materials 2019



Graphene device production

Required process steps

1. Growth on a separate substrate

2. Prepare target substrate
3. Transfer to target substrate ) Decisive Steps

4. Encapsulation

5. Pattering

6. Contact metallization

-28-



Graphene device production

|

Photo- Sergeom, W

kimadia Commons  Pholo! University of Manchester, UK
Andre Geim Konstantin
Novoselov




Graphene device production

graphite

micromechanical
exfoliation

chemical treatment

3

intercalated
graphite

graphite
oxide

exfoliation & reduction

TOP-DOWN

\

GRAPHENE
MATERIALS

I+I

chemical

synthesis

chemical vapour
deposition

epitaxial
growth

dN-INOL1104d

-30-



Graphene device production

Monolayer Graphene by CVD on copper surface

On Foil using Roll-To-Roll Process

/ Polymer support
¥

Graphene on
polymer support Released
polymer support

Target substrate

Graphene on Cu foil Graphene on target

S. Bae et al. Nature Nano. 5, 571 (2010)

Transferable to nearly any surface!

-31-



Graphene device production

ﬁ GRAPHENE
v FLAGSHIP

Graphene Research Innovation Collaboration

2D-EPL multi-project

wafer run 4




Graphene device production

1. Back Gate &
Contacts

2. Dielectric

3. Graphene
Transfer

4. Contacts &
Encapsulation

5. Opening of
encapsulation

\ ]
=0 ' < =
N —
: N _
metal contact graphene layer - encapsulation N\ 4 P
-~ —

Wi

(top/ bottom) \\ - /q

200 mm wafer

™ local back gate

dielectl;ic layer -33-



TMDC:

* Excellent material for ultra-scaled logic devices; but
there are many challenges left.

* Also an ideal materials for flexible circuits; but there are
many competitors out.

Graphene:
* Most production ready 2D material.

* Possible applications are sensors and flexible RF
electronics.

Production:
* Key process steps are already at sufficient scale (8 inch)
* Pilot Line Process available through MPW runs

-34-



Thanks to...

Team members (AMO, BUW)

Main collaborators:

Renato Negra, RWTH Aachen

Max Lemme, RWTH Aachen
Christoph Stampfer, RWTH Aachen
Gianluca Fiori, Uni Pisa

Andras Kis, EPFL

Inessa Bolshakova, Lviv PNU

Stephan Hofmann, Cambridge

Aachen
Graphene &
2D Materials
Center

Jan Stake, Chalmers
Frank Koppens, ICFO

Andrei Vorobiev, Chalmers

Gianluca Fiori, Uni Pisa
Deutsche

Forschungsgemeinschaft
DFG

Sanna Arpiainen, VTT
Thomas Miiller, TU Wien

GRAPHENE FLAGSHIP 35




Thank you for your attention!
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