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MOS Transistor Subthreshold Characteristics 

 

 Subthreshold swing ~  60 - 100 mV/decade 

 

Sub 0.5 V VDDCMOS ? 
Ultra Low Power Consumer Electronics 
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MOS Transistor Subthreshold 
Characteristics 
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Lower VT for higher ION 

Lower VT  leads to higher IOFF 

Dynamic Power = CV2f 
Delay = CV/I  

P. Packen (Intel) 
2007 IEDM Short Course 

B. Mayerson (IBM) 
Semico. Conf. , 2004 

V T SCALING – A FUNDAMENTAL PROBLEM  
LIMITING VDD & CMOS SCALING 
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Increased Leakage 

1) Subthreshold Leakage 
2) Junction Leakage 
3) Gate Induced Drain Leakage (GIDL) 
4) Gate Leakage  
 
BTBT Leakage between drain-to-substrate   
is also there 
 

Dominant Gate Leakage Components are F-N Tunneling, Direct Tunneling 
           --- Scaling of Oxide thickness increases Gate Leakage  

The energy minimum 
occurs due to non-
scalable subthreshold 
swing of 60 mV/dec. 

Though CMOS has a potential 
energy minimum at VDD=0.25 
V, it is rarely used as it is  
difficult to meet the speed 
specifications  with such a low 
VDD. 

Non-scalable SS limits CMOS Scaling 
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Why 60mV/dec limit ? 

• Subthreshold Current is a diffusion 
current 

Taur and Ning, Fund. Of Modern VLSI dev., Cambridge Univ. Press, 1998  

• Reducing threshold 
voltage by ~50 mV 
increases the 
leakage current 
(power) by ~10 
times 

Low SS requires novel devices which use different  
physics 
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Tunnel FET : Basic Device Operations 

N channel Ambipolar Tunnel FET 
 

For the P channel, doping type and 
voltage polarities are reversed 
 

Advantage  : 
(1) Lower Subthreshold Swing 
(2) Low OFF-current 
 

Problems  :  
(1) Uncontrollable Ambipolar Nature 
(2)  Low ON-current 
(3)  High Threshold Voltage of P-channel  
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All Si TFETs 

Reddick et al., Appl. Phys. Lett. 67 (4), 1995 

• First ever experimental 
demonstration of 3 terminal TFET 

• Ion=10-6uA/um @VGS=5V 

tox=24nm, S-D doping~1020 cm-3 L=3um 

TFET Experimental Realization 

Vertical Epitaxial grown Si TFET 

Substrate : p+ <111> si 
δp+: 3 nm, 1020 cm-3 

n- : 100 nm, 1016 cm-3 
n+: 300 nm, 1020 cm-3 

tox=16nm, SiO2 

Bhuwalka et al., TED, VOL. 51, NO. 2, 2004 
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Vertical Epitaxially grown Si TFETs 

Bhuwalka et al., TED, VOL. 51, NO. 2, 2004 ION ~0.1uA/um 

• Low ON Current characterizes the Experimental Tunnel FETs so far 
• Poor Drain Current Saturation &  Drain Threshold Voltage 

Vertical Epitaxially grown Si TFET with SiGe δp+ layer 

Bhuwalka et al., ESSDERC , 2004 

Low bandgap of SiGe offers low tunnel 
resistance and comparably higher ION  

ION ~1uA/um @VGS  =0.5V 
with x=0.5  
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Si –TFET using an SOI Substrate 

 Choi et al. EDL, 28, 8, AUGUST 2007 Ion=12uA/um, Ioff=5.4nA/um 

First demonstration of SS <60 mV/dec 

Double gate Strained Ge Hetrostructure 
TFET 

Krishnamohan et al. IEDM, 2008 

Ion = 300uA/um, 
SS~50mV/dec 
Ion/Ioff~102 

• Lower bandgap materials 
offer lower tunnel 
resistance 

• Ge has a low bandgap, 
strained Ge has even a 
lower bandgap compared 
to the relaxed Ge, hence 
Higher Ion  
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Ge source Tunnel FETs 

tox=3nm, L=0.25-5um, 
Tbox=200nm, Tsi=70nm, 
TGe=21nm, Tsp=7nm 

Kim et al. VLSI Tech Symp, 2009 

Experimental  
Characteristics 

Ion ~1uA/um @0.5V 
ION/IOFF>106 

Kim et al. VLSI Tech Symp, 2009 
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Optimization for Low Ioff and high Ion 

           Krishnamohan et al. IEDM, 2008 

In0.53Ga0.47As-based Vertical TFET 

Mookerjea et al. IEDM, 2009 

In0.53Ga0.47As properties 
• Bandgap=0.74eV 
• m*e  = 0.041 mo 

Low bandgap and low 
electron mass offer low 
tunnel resistance 

L=100nm, EOT=4.5nm (Al2O3) 

Ion=20uA/um @VG=0.75V 
ION/IOFF=104 
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Effect of interface states 

• After incorporating Dit and trap 
assisted tunneling (TAT), 
simulated characteristics 
matches well with experimental 
 

• Dit and TAT give temperature 
dependence in Id-Vgs 
characteristics  

Mookerjea et al. IEDM, 2009 

IBM Bottom-up NW Tunnel  FETs 

VLS grown Si NWs tunnel FETs with 
different gate stacks (SiO2 and 
HfO2); the use of a high-k gate 
dielectric markedly improves the TFET 
performance in terms of average slope 
and on-current. 

K. Moselund et al, ESSDERC 2009 
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Modified TFETs 

TCAD calibration FOR Tunnel FETs: FIELDAY 

•  A non-local BTBT model developed in FIELDAY (IBM) used for the TFET calibration 
• Uses the complex band structure of Si to compute the orientation dependent effective mass 
      and complex k-vector in the tunneling region.  
• The tunneling probability is calculated using the transfer matrix formalism to calculate the 

drive current.  
• Non-local BTBT with field dependent mobility, SRH, and Hurkx recombination models used 
• A modified local density approximation (MLDA) and density of states (DOS) quantum 

correction models are applied to calculate the carrier distribution in the channel.  
• The  MLDA and DOS quantum correction models are well calibrated with Schrodinger-

Poisson (SP) solution. 
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Tunnel FET Optimization for Sub 0.5 V Operation 

(a) 
(b) 

(c) 

Existing Methods of Improving  
ON-Current 
 

(a)Use of Double Gate Structure 
(b)Use of Lower Band Gap 

Materials 
(c)Use of Hetero-structure 

Novel Methods  to Improve ON-current : 
Halo Doping 

Reduction of Tunneling Distance 
 using Halo Doping 

ON-current  Improvement in N-
channel Double-gate Non-

ambipolar Device 

On-Current improves by a factor of 2 in N-channel 
Double-gate Non-ambipolar Device 
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Novel Methods  to Improve ON-current : 
Halo Doping 

ON-current  Improvement in 
N-channel Double-gate 

Ambipolar Device 

ON-current  Improvement in 
N-channel Single-gate Non-

ambipolar Device 

On-Current improves by a factor of 6 in N-channel Double-gate Non-
ambipolar Device 

Novel Methods  to Improve ON-current : 
Use of Ge Source-side Halo in Channel 

Grading of SiGe used in 
Channel 



14-04-2012 

16 

Novel Methods  to Improve ON-current : 
Use of Ge Source-side Halo in Channel 

Improvement in ON-Current using Graded SiGe 
(a) N-Channel (b) P-Channel 

(a) (b) 

Tunnel FET : Supply Voltage Dependence 

ON-current Comparison  of 
 NTFET with Conv. NMOS 

For Ioff=0.1 pA 
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Circuit Performance of Tunnel FET :  Inverter 
Performance Comparison 

(a) 

(b) 

(c) 

(a) Circuit Diagram for Inverter 
(b)  Comparison of  Propagation Delay 
(c) Comparison of Power Dissipation 
 
Power & Delay both are higher in TFET  
inverter due to larger size of PTFET device   
which increases the capacitance 
 

Circuit Performance of Tunnel FET :  Inverter 
Performance Comparison 

Using halo doping, size of PTFET device can be reduced. 
Variation of (a) Propagation Delay (b) Power with reduced PTFET size. 

(a) (b) 

Ashish Pal, Angada B. Sachid, Harald Gossner and V. Ramgopal Rao, "Insights into the 

Design and Optimization of Tunnel-FET Devices and Circuits", IEEE Transactions on 

Electron devices, VOL. 58, No. 4, p. 1045, April 2011 
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Circuit Performance of Tunnel FET :  Inverter 
Performance Comparison 

Higher fall time in TFET inverters  
degrades the dynamic noise margin 

Lower propagation delay is possible, but the performance is limited  
by higher rise/fall times 

Diode kind of behavior in the 
output characteristics …………….. 

Model Equations for Output Characteristics 

The output characteristics of TFET  
device has 4 region of operations 
(a)Drain Subthreshold 
(b)Linear 
(c)Quasi-saturation 
(d)Saturation 

Ashish Pal, Angada B. Sachid, Harald Gossner and V. Ramgopal 

Rao, "Insights into the Design and Optimization of Tunnel-FET 

Devices and Circuits", IEEE Transactions on Electron devices, 

VOL. 58, No. 4, p. 1045, April 2011 
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Matching of Model Results with TCAD 
Simulations 
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predicted by the Model and TCAD Simulator 

Variation of Fall time with ON-current and Drain-Barrier 
Voltage 
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VDTH reduction does not improve the propagation delay but it 
decreases the Fall Delay. This results in a reduction in the Fall 
delay to propagation delay ratio – this improves the dynamic 
noise margin. 
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Co-optimization of ION, VDSAT and VDTH  

Improve in  
delay performance 

Capacitance Comparison of TEFT and CMOS device 

Gate Capacitance is almost 5 times of CMOS devices 
for the same OFF-current.  For this reason, the power 

dissipation  is much higher in TFET 

Requires extreme  
work-function values  
for adjusting the VT 
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Novel CircuitTopology with TFET  : 
Current Mode Logic 

(a) A multiplexer circuit  implemented in Current-Mode Logic.  (b) Functional 
Operation of CML mux showing TFET has an advantage over CMOS 

(a)  
(b)  

Performance Comparison of  
TFET-CMOS  hybrid CML and CMOS CML 
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Performance Comparison of  
TFET-CMOS  hybrid CML and CMOS CML 

Issues with Conventional TFETs:  
 Motivation for Sandwich Tunnel Barrier FET 

• Low cross sectional area for tunneling  
• Tunneling occurs lateral to the gate field 
• Large Tunnel Distance 
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Sandwich Tunnel Barrier FET: Structure and Working Principle 

OFF: At VGS=0V and VDS=1V, the device becomes  a PiN diode with a P+ source and N+ drain 
separated by a lightly doped/intrinsic region and a separation equivalent to the thickness of 
high-k spacer. Hence the tunnel direction is lateral and the tunnel distance becomes equal to 
spacer thickness, which is 20nm for the optimized device in this work. 

ON: With the increase in the gate bias, an inversion layer forms in the epi-layer underneath 
the MOS gate and the high-k spacers. The device can be analyzed as a P+N+ reverse biased 
diode with a tunnel distance equivalent to epi layer thickness. This switches the tunneling 
direction from lateral to vertical direction, thus reducing the tunnel distance to about 2nm 

Ram Asra, Mayank Shrivastava, K. V. R. M. Murali, R. K. Pandey, Harald Gossner and V. Ramgopal Rao, "Tunnel FET for VDD Scaling 

Below 0.6V with CMOS Comparable Performance", IEEE Transactions on Electron Devices, Vol. 58, No. 7, July 2011  

40 mV/dec 
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Ram Asra, Mayank Shrivastava, K. V. R. M. Murali, R. K. Pandey, Harald Gossner and V. 

Ramgopal Rao, "Tunnel FET for VDD Scaling Below 0.6V with CMOS Comparable 

Performance", IEEE Transactions on Electron Devices, Vol. 58, No. 7, July 2011  
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PERFORMANCE COMPARISON OF VARIOUS DEVICE OPTIONS  
VDD=0.6 V, 3-stage Ring Oscillator 
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CMOS areas to focus for Device Modeling 

• Finfets / Bulk Finfets 
• Elecro-thermal Modeling for Finfets 
• Atomistic Models 
• Device-Circuit Co-design 
• Models for Tunnel FETs 
• Junction Less Transistors 

 



14-04-2012 

44 

References 
1. Ram Asra, Mayank Shrivastava, K. V. R. M. Murali, R. K. Pandey, Harald Gossner 

and V. Ramgopal Rao, "Tunnel FET for VDD Scaling Below 0.6V with CMOS 

Comparable Performance", IEEE Transactions on Electron Devices, Vol. 58, No. 7, 

July 2011  

 

2. Ram Asra, Kota V. Murali and V. Ramgopal Rao, "A Binary Tunnel Field Effect 

Transistor with a Steep Sub-threshold Swing and Increased ON Current", 

Japanese Journal of Applied Physics, 49 (2010) 120203 (Rapid Communication) 

 

3. Ashish Pal, Angada B. Sachid, Harald Gossner and V. Ramgopal Rao, "Insights 

into the Design and Optimization of Tunnel-FET Devices and Circuits", IEEE 

Transactions on Electron devices, VOL. 58, No. 4, p. 1045, April 2011 

 

US Patents filed jointly with Intel:  

 
1. Ram Asra, V. Ramgopal Rao, Harald Gossner, "Sandwich Tunneling Barrier FET", United 
States Patent Docket No.INF 2009 P 51217 US, Filing Date: December 17, 2009.  
 
2. Ashish Pal, Ram Asra, Angada B. Sachid, Harald Gossner and V. Ramgopal Rao, "Performance 
Improvement of Tunnel FET Devices using Halo-Doping, Graded Silicon-Germanium, Schottky 
Junctions and New Device Structures",United States Patent pending, Application No. 
12/369,821, Ref:2008P52068US  
 
 

 An MoU with IMEC is signed for fabrication of STBFET 
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