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MoS2 CVD growth chamber with solid precursors

Sanne, Ghosh,… Banerjee, APL 2014



Circuit Diagram
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1) Active area
2) S/D contacts
3) Top gate

Sanne,  Banerjee, Nano.Lett (2015)
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Jena, et al. NAT. MAT. (13),  2014 



MoS2 on ALD HfO2
Without O-vacancy: HfO2 With O-vacancy: HfO1.6

Similar results for Hf-termination and H –passivation, and other high-k ( Al2O3, TiO2)
Rai,Valsraj…. Register, Tutuc, Banerjee, Nanoletters (2015)



Top Gated MoS2 DC Characteristics

Ids-VdsIds-Vgs

Sanne….Banerjee, Nano. Lett.  2015.



MoS2 FET fabrication and characterization on flexible polyimide substrates

Transfer to PITransfer to SiO2

100µm 100µm

CVD-growth on SiO2/Si

100µm

Chang,… Banerjee, Akinwande “Large-area monolayer MoS2 for flexible low-power RF nanoelectronics in the GHz regime; “ Advanced Materials Dec 2015. 
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High Frequency Performance of MoS2 Flexible RF FETs
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• MoS2 RF Transistor on SiO2/Si • MoS2 RF Transistor on Polyimide 

Sanne… Banerjee “Radio Frequency Transistors and Circuits Based on CVD MoS2”; Nano Letters 2015 15 (8), 5039-5045
Chang.. Banerjee, Akinwande “Large-area monolayer MoS2 for flexible low-power RF nanoelectronics in the GHz regime; “ Advanced Materials Dec 2015. 



Back-gated CVD MoS2 FETs



Flexible MoS2 based RF circuits
Flexible CVD

MoS2 FET

RFin

RFout

Oscilloscope
1Mohm
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Flexible MoS2 amplifier Flexible MoS2 Mixer



• Flexible MoS2 AM Receiver Output 
Spectrum

Flexible MoS2 based Radio

Flexible MoS2 AM Demodulator



MOSFETs vs. Steep Slope TFETs & Resonant TFETs
 MOSFETs

 Steep slope TFETs 
(Banerjee, ..EDL 1987)

 Resonant ITFETs
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Rotationally misaligned 2D materialsRotationally ALIGNED 2D materials
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Tunneling behaviorNegative differential resistance



Large-Area Graphene Grown on Cu Foils and FETs with high-k

PMMA Fe3+

Acetone

Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils
Xuesong Li, Weiwei Cai, Jinho An, Seyoung Kim, Junghyo Nah, Dongxing Yang, Richard Piner, Aruna Velamakanni, Inhwa Jung, 
Emanuel Tutuc, Sanjay K. Banerjee, Luigi Colombo, Rodney S. Ruoff, Science, 2009 (6500 citations)
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Origin of the First and Second NDR?

TOPBOTTOM

hBN
top Gr

bottom Gr

silicon
silicon oxide

hBN

VBG

VTL

hBN

bottom

top

60°

Fallahazad... Register, Banerjee, Tutuc  Nano. Lett 
(2015)

Kang.... Register, Tutuc, Banerjee,  EDL (2015)

2-layer BN
2-layer Gr
4-layer BN
2-layer Gr

n-layer BN

HRTEM AND EELS OF ITFET 
(COURTESY, M.KIM)



Tunneling vs. Temperature and Magnetic Field



ITFET SRAM and Inverter
(a)

load line

(b)

forwardreverse

VDD

VOUT

D
U

T

RL = 200MΩ

VBG = 0 V

40 V

Kang.... Register, Tutuc, Banerjee,  EDL (2015)

Vin = 0, 1
Vout = 1, 0



Speed/clock freq. Switching & 
signal restoration

Power

Vclock

Effects of device characteristics on ITFET circuit performance
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φil =-103mV

φil =-52mV

φil =0mV

φil =51mV

φil =102mV

DFT + NEGF simulations 
predict higher ON/OFF
Need rotational alignment of 
electrodes and tunnel barrier



Interlayer potential (band edge) difference (meV)
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Tunneling probability vs. 
interlayer potential ±ΔVc for 
25 meV normally incident 
electrons in GaAs/AlAs and 
graphene ITFET

Resonance Broadening, Short-Channel Effects, Carrier Velocity, Scattering

Scattering Need low defect TMDs with high effective mass to reduce broadening Γ and power
Need vdWE with clean interfaces and rotational alignment to reduce OFF current
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Quantum vs Interlayer Capacitance





Bi-layer pseudoSpin Field Effect Transistor (BiSFET)

“Bilayer pseudoSpin Field Effect Transistor (BiSFET): a proposed new logic device” 
Banerjee, Register, Tutuc, Reddy and Macdonald, IEEE EDL, Feb. 2009; also US patent
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Bose Condensate in Graphene/TMD  Heterostructures??

Gong,….Colombo, Wallace, Cho, APL, 2013
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Kim, .. Banerjee, Tutuc, PRB 2011
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Spintronics with Topological Insulators



MBE of topological insulators  

1000x1000 nm2STM at -2 V, 1 nA

Substrate temp: 150 oC

Sharp RHEED streaks

Si(111)-(7 × 7)RHEED @ 13 kV

Si(111)-(7 × 7)LEED @ 50 eV

Bi2Se3 on Si(111)

8×8 nm2

Bi2Te3 on Si(111)



RKKY Coupling of Nanomagnets on TI

(a)

Sub aJ energies possible
Ghosh, Register, Banerjee, JAP 2016; 
patent disclosure



Epilog

 Need advances in vdW epitaxy of heterostructures, 
and in process modules such as doping and contacts 

 Negative differential resistance (NDR) Tunnel FETs 
can lead to novel logic and memory

 Pseuodospintronics and spintronics for ultra-power 
and non-volatile devices

 IoT devices need on chip power generation
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