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Motivation

Claims about CNTFETs [1]

1. Analog HF applications are the most suitable entry point for carbon
nanotube field-effect transistors (CNTFETS).

2. Device linearity is most valuable for HF applications.

[1] M. Schréter et al., " Carbon nanotube FET technology for radio-frequency electronics: State-
of-the-art overview (invited)”, IEEE J. Electron Dev. Soc., 1(1), 2013.
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Motivation

Claims about CNTFETs [1]

1. Analog HF applications are the most suitable entry point for carbon
nanotube field-effect transistors (CNTFETS).

2. Device linearity is most valuable for HF applications.

Challenges

1. Provide access to intrinsic material properties in fabricated devices,

i.e., characterize metal-CNT interfaces and transport properties.
2. Use CNTFETSs for applications

from materials science to system engineering!

[1] M. Schréter et al., " Carbon nanotube FET technology for radio-frequency electronics: State-
of-the-art overview (invited)”, IEEE J. Electron Dev. Soc., 1(1), 2013.
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Agenda

m Schottky barrier height
m Contact resistance
m Mobility

= Summary

others for offline discussion:
m Modeling tools: compact models and numerical device simulator
m Device modeling
m Current status of CNTFET technology for HF applications

m Electrical characterization: issues and challenges
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CNTFETs in general

Transistor characteristics are affected by...

intrinsic properties

device architecture m

channel
morphology

interface
properties
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CNTFETs in general

...and can be electrically characterized by

channel
morphology
apparent mobility,

intrinsic properties
ballistic mobility,
channel resistance

channel resistance

device architecture interface
extrinsic mobility, properties
Schottky barrier Schottky barrier
height, contact height, contact

and channel resistance

resistance
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Schottky barrier CNTFETs (1)

m SB CNTFETs are the most
common devices

m different energies lead to
potential barrier dominated by
Schottky barrier (SB)

m thermionic and tunneling
current depend on SB properties

m metal-CNT interface
characterized by

Schottky barrier height ®sp
contact resistance
Rc = Rcs + Re.q
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Schottky barrier CNTFETs (1)

m SB CNTFETs are the most
common devices

m different energies lead to
potential barrier dominated by
Schottky barrier (SB)

m thermionic and tunneling
current depend on SB properties
m metal-CNT interface
characterized by
Schottky barrier height ®sg
contact resistance
Rc = Rcs + Red

= values of ®gg and R¢ are essential for technology development, model
verification and circuit design studies

e - [ ] a1



Schottky barrier CNTFETs (I1)

» Metal-CNT interface properties impact on the device behaviour [2]

Ip (A)

[2] M. H. Yang et al., " Carbon nanotube Schottky diode and directionally dependent field-effect
transistor using asymmetrical contacts”, Appl. Phys. Lett., 87, 2005.
[3] A. Fediai et al., " Towards an optimal contact metal for CNTFETs”, Nanoscale, 8, 2016.
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[2] M. H. Yang et al., " Carbon nanotube Schottky diode and directionally dependent field-effect
transistor using asymmetrical contacts”, Appl. Phys. Lett., 87, 2005.
[3] A. Fediai et al., " Towards an optimal contact metal for CNTFETs”, Nanoscale, 8, 2016.
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Schottky barrier CNTFETs (I1)

» Metal-CNT interface properties impact on the device behaviour [2]
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[2] M. H. Yang et al., "Carbon nanotube Schottky diode and directionally dependent field-effect
transistor using asymmetrical contacts”, Appl. Phys. Lett., 87, 2005.

[3] A. Fediai et al., " Towards an optimal contact metal for CNTFETs”, Nanoscale, 8, 2016.
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Schottky barrier CNTFETs (I1)

» Metal-CNT interface properties impact on the device behaviour [2]
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m Schottky-Mott theory predicts only contact type [3]
m extraction methods for ®gg are then required

[3] A. Fediai et al., " Towards an optimal contact metal for CNTFETs”, Nanoscale, 8, 2016.

[2] M. H. Yang et al., "Carbon nanotube Schottky diode and directionally dependent field-effect
transistor using asymmetrical contacts”, Appl. Phys. Lett., 87, 2005.
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®sp extraction method

conventional 3D AEM vs. novel 1D LBM [4]
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[4] A. Pacheco-Sanchez et al., "Device design-enabled Schottky barrier height extraction for
nanoFETs based on the 1D Landauer-Buttiker equation”, Appl. Phys. Lett., 111, 2017.
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®sp extraction method

conventional 3D AEM vs. novel 1D LBM [4]
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[4] A. Pacheco-Sanchez et al., "Device design-enabled Schottky barrier height extraction for
nanoFETs based on the 1D Landauer-Buttiker equation”, Appl. Phys. Lett., 111, 2017.
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®sp extraction method
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[4] A. Pacheco-Sanchez et al., "Device design-enabled Schottky barrier height extraction for

nanoFETs based on the 1D Landauer-Buttiker equation”, Appl. Phys. Lett., 111, 2017.
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[4] A. Pacheco-Sanchez et al., "Device design-enabled Schottky barrier height extraction for
nanoFETs based on the 1D Landauer-Bittiker equation”, Appl. Phys. Lett., 111, 2017.
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®sp extraction method

conventional 3D AEM vs. novel 1D LBM [4]
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= Superior reliability of 1D LBM over 3D AEM shown for synthetic and
experimental data of nanoFETs with different gate architectures and

channel materials

[4] A. Pacheco-Sanchez et al., "Device design-enabled Schottky barrier height extraction for
nanoFETs based on the 1D Landauer-Bittiker equation”, Appl. Phys. Lett., 111, 2017.
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Contact resistance in CNTFETs

Rc is a convenient electrical representation of physical phenomenon at the
metal-CNT interfaces indicating contact quality
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[5] A. D. Franklin et al., " Defining and Overcoming the Contact Resistance Challenge in Scaled
Carbon Nanotube Transistors”, ACS Nano, 8(7), 2014.

[6] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for CNTFETs", ESSDERC,
Graz, Austria, 2015.
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[5] A. D. Franklin et al., " Defining and Overcoming the Contact Resistance Challenge in Scaled
Carbon Nanotube Transistors”, ACS Nano, 8(7), 2014.

[6] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for CNTFETs", ESSDERC,
Graz, Austria, 2015.
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Contact resistance in CNTFETs

Rc is a convenient electrical representation of physical phenomenon at the
metal-CNT interfaces indicating contact quality
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= Rc extraction method for short- and long- ST/MT CNTFETs is needed

[5] A. D. Franklin et al., "Defining and Overcoming the Contact Resistance Challenge in Scaled
Carbon Nanotube Transistors”, ACS Nano, 8(7), 2014.

[6] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for CNTFETs", ESSDERC,
Graz, Austria, 2015.
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Rc extraction methods in CNTFETs (1)
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Rc extraction methods in CNTFETs (1)

Transfer length method (TLM)
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Rc extraction methods in CNTFETs (1)

Transfer length method (TLM) Y-function methods (YFM)
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m Adapted from drift-diffusion

linear region
low drain voltages

m Test structure with very long
CNTs

challenging for DEP
technologies
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Rc extraction methods in CNTFETs (1)

Transfer length method (TLM) Y-function methods (YFM)
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m Test structure with very long
CNTs
challenging for DEP
technologies

m Adapted from drift-diffusion
linear region
low drain voltages
there is no need of test
structures!
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Rc extraction methods for CNTFETs (I1)

YFMs applied and verified by synthetic and experimental data of ST, MT,
short- and long-channel CNTFETSs [7].
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[7] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for short- and long-channel
carbon nanotube field-effect transistors”, Solid-State Electron., 125, 2016.
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Rc extraction methods for CNTFETs (I1)

YFMs applied and verified by synthetic and experimental data of ST, MT,
short- and long-channel CNTFETSs [7].
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[7] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for short- and long-channel
carbon nanotube field-effect transistors”, Solid-State Electron., 125, 2016.
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Rc extraction methods for CNTFETs (I1)

YFMs applied and verified by synthetic and experimental data of ST, MT,
short- and long-channel CNTFETSs [7].
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[7] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for short- and long-channel
carbon nanotube field-effect transistors”, Solid-State Electron., 125, 2016.
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Rc extraction methods for CNTFETs (I1)

YFMs applied and verified by synthetic and experimental data of ST, MT,
short- and long-channel CNTFETSs [7].
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[7] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for short- and long-channel
carbon nanotube field-effect transistors”, Solid-State Electron., 125, 2016.
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Rc extraction methods for CNTFETs (I1)

YFMs applied and verified by synthetic and experimental data of ST, MT,
short- and long-channel CNTFETSs [7].
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— YFM, extracts a value close to reference contact resistances set in
compact model and obtained with TLM and with more sophisticated
physics-based models.

[7] A. Pacheco-Sanchez et al., " Contact resistance extraction methods for short- and long-channel
carbon nanotube field-effect transistors”, Solid-State Electron., 125, 2016.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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Mobility in CNTFETSs

Mobility w characterize the transport of carriers in a semiconductor.
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— Detailed mobility definitions are proposed for technology comparison

[8] M. Lundstrom et al., "Compact models and the physics of nanoscale FETs”, IEEE TED,
61(2), 2014.
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Summary

m reliable quantification of internal phenomenon in CNTFETs is given
by ®sg, Rc and u
m novel and straightforward extraction methods have been presented

m 1D LBM: verified by experimental-based synthetic simulations; valid
for ST devices; applied to NWFETs

next step: extend method to MT and 2D devices

m YFM;: verified by compact model, TLM, and sophisticated atomic
models; applied to organic FETs

m careful mobility definitions are presented

= extraction methods and device engineering techniques involved in this
project are used in the framework of achieving a suitable and reproducible
HF CNTFET technology
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