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[Outline] Chapter 3: Contact resistance

Resistance scaling - general
= Contact resistance
= Quantum limit of resistance
= How to measure contact resistance

Contacts to 2D materials
= Contact geometries
= Contact resistance scaling
= Strategies for reducing the contact resistance



Moore’s Law

Gordon Moore, co-founder of Intel stated in 1965:

“The number of transistors that can be inexpensively
placed on an integrated circuit is increasing
exponentially, doubling approximately every two
years”

Historical Development

i i 1 i
10° DRAM-Memories
- Moore's Law
2x complexity
108 - every 1,5 year
o 107 - CERnd] i - ]
5 2125 mm - ) A R - | @ Pentium il
5 S - & -7 " B Pentum Pentium I
@ 108 P_’Af-----i--Penuum Pro ___- ée‘l’" -----
% SOW 80486 5 E - Celeron
© 108 . =~ Megn20 R
1 | ]
10¢ — demned
e & L
10° p——-t - Microprocessors W! ----i-----
desk calfulator | : ! : ! ':
102 ! ! H ! H ! !
1970 1974 1978 1982 1986 1990 1994 1998 2002

years

http://nobelprize.org/nobel prizes/physics/laureates/2000/phyadv.pdf 3



http://nobelprize.org/nobel_prizes/physics/laureates/2000/phyadv.pdf

CMOS Scaling: Dennard Scaling (IBM)
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If the dimensions, dopant concentrations and voltages are scaled as shown,
according to simple electrostatics the electric field configuration will be exactly the
same



Contact resistance in practice
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Influence on FET characteristics

Drain current, I
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How much contact resistance can we tolerate?

2R < 20% of Rypt ITRS 2012 requirement for low-standby-power SOI FETs
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How far can we go: quantum limit of resistance

For macroscopic (L > [,;,) conductors: Ve
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There is a fundamental, quantum limit on how far the resistance can scale!



Quantum resistance

As the dimensions decrease, resistance approaches a limiting value R
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Example: carbon nanotube

Several milimeters long carbon nanotube, with multiple contacts
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Contact resistance measurements - 4 probe technique
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Contact resistance measurements — TLM

Transmission line measurements;

transfer length method

Resistance for a 2D material w contacts:

L
Riot = P2p 7 + 2R¢
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Contact resistance measurements — TLM

Transmission line measurements;

a 3,000
transfer length method )
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Contact geometry

Top-Contact
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Contact resistance scaling

Transmission line model, current crowding:

contact length [
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Allain...Bannerjee, Kis; Nature Materials (2015)

C resistivity of the SC/metal interface
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Experimental review
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Electrical contacts to 2D materials

Metal — Bulk SC Contact
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2D Transition Metal Dichalcogenides (TMDCs)
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Charge-injection mechanisms

Two mechanisms: Metal - 2D SC Contact
(with Hybridization)

= Thermionic emission over the

Schottky barrier Metal, 2D SC
B BC
= Field emission (tunneling) through 1
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Metal contact

Charge-injection mechanisms

Two mechanisms:

= Thermionic emission over the
Schottky barrier

= Field emission (tunneling) over the
Schottky barrier

Simpler extraction of the
Shottky barrier height q¢gq

Allain...Bannerjee, Kis; Nature Materials (2015)
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Schottky barrier height extraction

Procedure follows these points:
1. Identify contact with dominant barrier
2. Measure current, extract barrier height

3. Modify barrier height with gate voltage, extract
Schottky barrier

One barrier each at source and drain:

= Back-to-back connected diodes
= Biasing curve can be linear

2D semiconductor

source drain

D. Lembke, PhD thesis (2015, EPFL) 31



Schottky barrier height extraction

One barrier each at source and drain:
= Back-to-back connected diodes
= Biasing curve can be linear

= Most of the voltage drop occurs on
the negatively biased diode (Point 1)
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Point 1: Schottky barrier height extraction

From the activation energy E, in the thermionic emission regime

One barrier each at source and drain: Ey = qppo + EC — EL

= Back-to-back connected diodes

= Biasing curve can be linear

= most of the drop occurs at the
reverse-biased diode (source for n-
type FET) (Point 1: identify dominant
contact)

2D semiconductor

v %
I\I 2 J',<-,v ')w.<' '2:'«:"\;‘.
source | drain

- Vs Flat band condition

Ey
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Point 2: Schottky barrier height extraction

Point 2: Assuming that most of the drop occurs at
the reverse-biased diode (source for n-type FET),
the injected current density is:

]=A*T“exp[ a¢e 0] [1_ < qVI;S)]

For qV > kgT (kgT = 20 mV; OK until ~1000 K): _(1)(_’ E¢
Qd)BO* I E,
— ¥V |

kgT Flat band condition
E
In the sub-threshold regime (low V): Y
a EA (o] 0
J=AxT%exp|— kB Ey =q¢ppo + Ec — E¢
Y A" Richardson constant
. . . ¢po Schottky barrier height
Difference between the conduction bands in the bulk o« 2 forbulkSC, 3/2 for 2D

(oo, far from the contact) and at the interface (0)



Point 3: Schottky barrier height extraction

Point 3: Extract E, as a function of V., identify flat

band voltage Vip:
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Schottky barrier height

Fermi level pinning
= Metal — 2D SC alloy
= Gap states because of weaker S - Mo bonding
= Choice of metals for contacts alone not the most suitable strategy for reducing R,
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Strategies for reducing contact resistance

Several strategies appear promising:
= Phase engineering
= Doping
= Edge contacts

= Direct transfer



Phase engineering

Heavy doping by Lithium can trigger a
phase transition into a metallic phase

2H phase of MoS, 1T phase
semiconductor metallic
Kappera et al. Nature Materials (2014)
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Phase engineering
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Doping
Cl doping by soaking the flakes in
dichloroethane
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Edge contacts
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Edge contacts
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Direct transfer of contacts onto 2D materials
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Direct transfer of contacts onto 2D materials

Electron barrier (eV)
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Direct transfer of 2D materials onto 2D contacts

" MoTe, or WTe, contacts to MoS,
a b
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Quantum resistance

As the dimensions decrease, resistance approaches a limiting value R

Contact 1 L Contact 2
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Origin: conductor and contact pads are dissimilar materials (with and without
confinement)



Quantum resistance for a ballistic conductor

No scattering in the channel

Contact 1 i Contact 2 +k states: occupied only by electrons from
from 1 only contact 1
—k states: occupied only by electrons from
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from 2 only
=| Total current is carried by +k states
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2e? —
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2\ st 111 27
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1 12.9 kQ
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K Gc M

M number of modes (subbands)



Quantized conductance: GaAs
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Quantized conductance: graphene

Graphene
Back gate

Tombros, Wees, et al. Nat. Phys. (2011)
Terrés, Stampfer, et al. Nat. Comm. (2016)
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Quantized conductance: MoS,

Graphene

Top BN

Bottom BN
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Si
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Marinov...Kis; Nature Comms. (2017)
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Quantized conductance: MoS,

Conductance G (uS)
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When low R is not good: spin injection

Conductivity mismatch problem

4} FT SC Ft
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Permalloy Electrodes
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Heterostructure LED with a Lateral FM Contact
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Valley Polarization by Spin Injection

o M

EL intensity (a.u.)
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Lopez Sanchez...Kis; Nano Lett. (2016)



Recapitulation

Resistance scaling - general
= Devices limited by contact resistance
= Quantum limit of resistance
= Contact resistance can be measured using 4-probe and TLM
Contacts to 2D materials
= Contact geometries — edge, top and combination
= Contact resistance scaling — transmission line model
= Almost all current examples in the literature fall short of ITRS requirements
= Schottky barrier extraction from the flat band condition
= Fermi level pinning

= Strategies for reducing contact resistance: phase engineering, doping, etching contacts,
transfer of contacts

Origins of the quantum limit
= Ballistic charge injection

Spin injection into 2D materials
= Conductivity mismatch problem



Thank you for your attention!
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