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Energy

Increased Leakage
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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

Non-scalable SS limits CMOS Scaling
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energy minimum at V,=0.25
V, it is rarely used as it is
difficult to meet the speed
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Electrical limits for Silicon
nano-CMOS

POWER and NOISE
+ Extremely Low Power: 1079 gates using less than 5 W

0.5 nano-Watt per basic switch.

( compare to 300 nano-Watt today = 3x10° transistors dissipating
100W.).

Need a 1,000 X improvement in POWER per gate !
Constant-voltage scaling will NOT deliver !

* Noise : Switching below thermal noise (6 KT/q =150mV)
— CMOS today: 0.8V (6X above this limit)

CMOS ET WORKSHOP - Vancouver 2009 S. Bampi UFRGS

Why 60mV/dec limit ?

e Subthreshold Current is a diffusion
'/->

o% current
w kT\?
IL lgs = ey Cnxf(m -1) (—) Vg VO/mKT (1 _ o —aVas/kT')
q
B ( Cd) * Reducing threshold
m={(1+—
Cox voltage by ~50 mV
increases the
dv, 55 kT Cy leakage current
- (d(logm [ds)) o T(l " C_x) (power) by ~10
~60mV/dec @RT times

» Low SS requires novel devices which use different
physics

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



Tunnel FET : Basic Device Operations

Oxide

Source wa/main |

N channel Ambipolar Tunnel FET

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

12

Potential
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where m” is the carrier effective mass, e is the electron charge,
F, is the bandgap, A¢ is the energy range over which tunneling
can happen (controlled by Vig), A 1s the spatial extent of
the transition at the source—channel interface, £, and zg; are
the dielectric constants of oxide and silicon, respectively, and
lox and tg; are the gate oxide and the silicon-layer thickness,

respectively.
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TFET Experimental Realization
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Vertical Epitaxially grown Si TFETs
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- Low ON Current characterizes the Experimental Tunnel FETs so far
* Poor Drain Current Saturation & Drain Threshold Voltage

Vertical Epitaxially grown Si TFET with SiGe 6p+ layer
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Si =TFET using an SOI Substrate
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Double gate Strained Ge Hetrostructure
TFET
* Lower bandgap materials
offer lower tunnel
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Krishnamohan et al. IEDM, 2008



Lsp Ge source Tunnel FETs
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In, 3Ga, ,,As-based Vertical TFET
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tunnel resistance
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Effect of interface states
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After incorporating D;, and trap
assisted tunneling (TAT),
simulated characteristics
matches well with experimental

D, and TAT give temperature
dependence in Id-Vgs
characteristics

Mookerjea et al. IEDM, 2009

IBM Bottom-up NW Tunnel FETs

Gate 10°
L x

VLS grown Si NWs tunnel FETs with
different gate stacks (SiO, and

HfO,); the use of a high-k gate
dielectric markedly improves the TFET
performance in terms of average slope
and on-current.
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S
s

S0, V,=0.5V
S0, V=1V

HfO,, V =-0.5V

K. Moselund et al, ESSDERC 2009
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Modified TFETs
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TCAD calibration FOR Tunnel FETs: FIELDAY

—1 10 -
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1o L = 600um 10 DOs
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* Anon-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
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Novel Methods to Improve ON-current :
Halo Doping
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Novel Methods to Improve ON-current :
Use of Ge Source-side Halo in Channel
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Novel Methods to Improve ON-current :
Use of Ge Source-side Halo in Channel
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Circuit Performance of Tunnel FET : Inverter
Performance Comparison
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Circuit Performance of Tunnel FET : Inverter
Performance Comparison
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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

Diode kind of behavior in the

output characteristics ..............
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Lower propagation delay is possible, but the performance is limited

by higher rise/fall times

Model Equations for Output Characteristics

4.0p

Ing = &1 Vs + By tanh (Vps), Vs > Vo

= g (Yos-Vore) +Ivome, Vo< Vos = Vo

= Ay(Tpsur-Vog)' + By(Vosar- Vpg*

+gam (Vosar-Vog) + Ipsar, Vouws Vg =Vpgar

= gast (Vos-Vpsaptipsar, Vos 2 Vpgar

A1,B1,49, By ate constant obtained by equating the drain
cuttent and the derivative at Vpo=VpmgandVps= Vo

Ip SAT

3.0ps

The output characteristics of TFET
device has 4 region of operations v

(a)Drain Subthreshold
(b)Linear
(c)Quasi-saturation
(d)Saturation

Ips (A/um)
)
=

—
=
=
2

(), ofmtppebdpmepemepeeyem el eptiiilppeepents - ),
00 02 04 06 08 10 12 14
Vps (V)

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
14.0
0 Simulation Result 1000 —— Propagation Delay
12.04— Model Result o — Fall time (80% to 20%) |
' —— Power Dissipation
~Jo.o 1001
E_ 8.0 Vgs varying from "g\
i 04Vto1.0V ~
Z 6.0 B10/
(2]} ]
B0 e
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2.0+ 14 (o] Si?nuelatizn Rtesu\t
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5
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Output Characteristics and delay and power for NTFET device
predicted by the Model and TCAD Simulator

Variation of Fall time with ON-current and Drain-Barrier
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T
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o
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Vpry 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 maregin.
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VpsaT (V)
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Capacitance Comparison of TEFT and CMOS device

Requires extreme
work-function values
for adjusting the V;

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
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Novel CircuitTopology with TFET :
Current Mode Logic

A 2 R
ool /éo mtlaIA(A:harglng(Vout =y =0)
Voo Vop b Condition Initial dlschargmg
Input Select Path CZ Condition (Vj=V =1
Driver
Output J
: b Amplifier| 12.0
Vin o c 2 i
o i =2
E 8.0+

Tl AL 7|2 '

= -_—
L =5uA-— B . WO ]
Output static T =0 Vi =

Eleiter 17 4.0 A =1

& -

C,4 and (:2 are used to account for junction &Q l . iy |

P for other tr i not in active path 0.0 A . ! lSlalIC C'ondlt“::" 1 .
0.2 0.3 0.4 0.5 0.6 0.7
Vps (V)
(a) (b)

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

Performance Comparison of
TFET-CMOS hybrid CML and CMOS CML

Propagation Delay (ps)

r T r T v
Only the active path is simulated.
Capacitance of other transistors
are modelled as lump capacitance

Multiplexer with
10 select lines

CMOS

5
o
(Mr)aamod

T
n
o

-
o

1

T

2, 3. 4
Istatic (A)
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Performance Comparison of
TFET-CMOS hybrid CML and CMOS CML

2.4

. Multiplexer with
2.2 10 select Lines
{ Istatic = 5 LA
2.0 -
cMOs

1.8
1.6-
1.4]
4 5 TFET TFET

1.0 4

Power Delay Product (fJ)

08— 75 7
1 2 3 4 5
No. of Select Lines

Issues with Conventional TFETs:
Motivation for Sandwich Tunnel Barrier FET

A v,
o I —

p

—e

* 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

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

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

FIELDAY: STBFET Simulation

14
4| @ )]
10 12 | W J
1% ——
. 1 - 08V ——
10 = E_ 06V —
5" 08 |= 04V ——
10f = g
— 06 = .
-10 =30mm Tsp=20nm
10 04 b——;'l_.leVTEDﬁAnm T
lo_lz 02 B
0
o0 02 04 06 08 1 0 02 04 06 08 1
Vg (Volts) Vp (Vols)

@ M-channel STBFET: Transfer and output characteristics

@ lorr is 0. 1pAJum (log scale) and lgy ~1.4mAJum (linear scale)
@ 55: below 40 mV/dec
@

Saturation: like long-channel MOSFET.
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Sentaurus: TFET Calibration

Ly = 600nm,

Tax = 5nm HFO,
K=15,
WVpg=-1V,

— Experimental
— Simulated

-2 -1
Vg (Volts)

Figure 10:

@ TFET calibration using Sentaurus device simulation.

@ Simulation Parameters are same as that of experimental device

33

BMmelund, K. E., Ghoneim, H., Bjork, M. T., Schmid, H., Karg, 5., Lortscher, E., Riess, W., and Riel, H. 2009
Proceedings of the European Solid State Device Research Conference | 448-451 September (2009}

Sentaurus: Conv. TFET Simulation

@ lorr - 0.5pAJum
9 gy - ~36uAlm
@ S5 average: below 63m\V/dec.

I (pASm)

00 02 04 08 08 10
Vs (Valts)

Figure 11:

14-04-2012
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Sentaurus: Conv. TFET Simulation

30 n-TFET: Cutput Charactenstic
. =30nm, EOT=0.4nm B
Le - B Ve = 1.0V
254 T, =20nm, § =4.1
E
=204
%
_B15
10
5_
Woe = 0.4V
G_ T T T G.?
0.0 0.2 0.4 0.6 0.8 1.0
Vpg (Volts)
Figure 12:

@ An exponential dependence of Iy on Vs
@ Tunnel distance: Modulated by Vs and Vos both

Sentaurus: STBFET Simulation

1E34 L1.2
1E4 4
L1.0
1E5
ERF Log_.
Lier 5
] h
8 . Lo
168§ é‘ =
i3 a
1E9 o E Loa
1E-10 4 o
W Fo.z
1E-114 :
1E-12 3 Lo
00 02 04 06 08 10
Vg (Vals)
Figure 13:

@ lger - Current of the STBFET device is 1pAfum
@ lgy : ~1.2mAlum
@ SS average: Sentaurus device simulation 1s 12mV/dec



STBFET: lon vs. Tepi

1.2
107
1.0
10 0.8 ~
108 0.6E
8 z
i 04
10 10
Y EOT =09
/o v {02
~-12 ne =
10 L =20nm

0.0
0.0 0.2 0.4 0.6 0.8 1.0
Vg (Volts)

@ T =0nm: no vertical tunneling: low lgy and degraded SS.
@ Channel doping: increases field and EOT can be increased
@ lgy is ~1.2mAJum for 2nm of T_,; and channel doping of 4 10" cm—*2

@ loy has reduced to ~900gA/um for 4nm of Ty

Sentaurus: STBFET Simulation

|n-STBFET: Output Characteristic

Lg=30nm, EOT=0.4am

Ipg (MA/um)
(=] [=]
= >

: ;

=
[
h

Vs = 0.4V]

0.0 . . . .
00 02 04 06 08 10
Vpg (Volts)

@ Output characteristics: like MOSFET
@ Tunnel distance: controlled by Ve only

14-04-2012
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Conv. TFET: Drain Induced Tunnel width Lowering

1.0 Channel
Source T Drain
0.54 Conv. TFET
— 0.0 E
§-D.5— %
c -1.04 - 3
B 15 r
154, _ 8
V=1V £ R
204 Vg =0to-1v 2 1\\

50 40 30 20 10 0 10 20 30 40 50
Length along Channel (nm)

@ The total Vps drops across the tunnel junction at source
@ Tunnel width decreases due to Vs

@ Drain current keeps increasing

STBFET:Drain Induced Tunnel width Lowering

Drain Spacer Chamnel spacer prain

ov

0.04

-0.34
064

(eV)

Conduclion Band

Energ
N

-1.5

Valance Band

80 60 40 20 0 20 40 60 80
Lenath alona Channel (nm)

@ Only 0.1eV of band-bending in the channel under the gate region
@ Tunnel-width and voltage across it are constant with Vs

@ This is the cause of good saturation,
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STBFET: Analytical calculation of V1 and Ioy

STBFET: Analytical Calculation of Electric
FiE'd, VTH and ION

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

TFETs: Physical Significance of V1

@ Physical significance of Vry — Saturation of Grunne 3
V1w in case of conv. TFET, > 1V as dyynne Never saturates for 1V of supply voltage
@ Conv. TFET'S Vry = strong inversion Viry

STBFET, dyynne Saturates for a very small Ve

drunnel Saturation reaches as soon as strong channel inversion takes place
Onset of strong inversion = the minimum drynne

STBFET's W1y = Strong inversion Vry

STBFETS V1y = MOSFET Vry

e ¢ ¢ © @

14-04-2012
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STBFET: Retrograde Doping Profile

c High Doping
% 7 >1e20 cm™
=
@
[¥] N
51 Low Daping
o +
2 | Epitaxial layer P~ Source
'§_ >
' Depth ' '

STBFET: Analytical Vry

W1y of a retrograde doping profile is given by Eq. (1) 40

gNa  [4€siVB T2 _ ANaTep

YTH =Vm +2¥s + — i
v COX\I'} qNg el Cox

(1)

Where Tgp; = Epitaxial layer thickness, Vg, = Flat band voltage,
Nz = Source doping, Wg = Bulk potential and &5; = Permittivity of silicon

As the substrate doping is high (> 102°), Tepi > (4€si Wg / qNa)'/?
and Eq. (1) can be reduced to Eq. (2)

€5 2Wp
Vi = Vi +2yg + —18 2
™= Vm+2¥p Topi % Con (2)

The last term includes source doping
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STBFET: Analytical V1y

@ 1y of a steep retrograde doping profile for 2nm of Tepj is 0.2V

@ A method for Vty extraction of non-linear devices is called linear extrapolation of the gate
voltage axis from the point of maximum slope of Ipg -Vzs characteristics and gives W1y of
0.23v

@ This method is not suitable for conventional TFET

STBFET: Analytical Electric Field

@ E is the vertical electric field and can be obtained in two ways
@ First, using E from the device simulator

@ Second, E has been calculated using Eq.(3) 4

_ (Vas — VTH) + Viunnel
(Tepi +3Tox)

E (3)

where gV 1unnel = minimum energy-band bending > Eg

41 Seabaugh, A. [EEE Electron Device Letfers 27(4), 297-300 April {2006)
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STBFET: Analytical lon

High lgy of the STBFET device is justified by analytical expressions 42
B
| = Atunnel % A x Vegr x E x exp = )
q*/2m* JEg
T (5)
4n2 x 2
—
4v/m*y[ER
B=——— 6
3gxh (6)

In Eq. (4) m* = Parabolic effective mass approximation, 4344

Veif = Effective bias at the tunnel-junction

“2geabaugh, A. IEEE Electron Device Letters 27(4), 207-300 April (2008)

#3gojlomon, P. M., Jopling, J., Frank, D., DEmic, C., Dokumac, O., Ronsheim, P, and Haensch, W. Journal of Applied
Physics 95(10), 5800 (2004)

#\yang, J., Rahman, A., Ghosh, A., Klimeck, G., and Lundstrom, M. IEEE Transactions on Electron Devices 52(7),
1580-1505 July (2005)

STBFET: Analytical loy

@ Electric field: Device simulator, gives lgy of 1.6mA/um

@ Electric field: From Eq.(3) gives loy of 1.3mAfum for a Tepi of 2nm

14-04-2012
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STBFET: Tunnel Width Contour

il .

eDensity [em*-3: 3.0E+00 4.5E+06 6.7E+12 1.0E+19

Figure 15
@ Variable depletion width (white line) as function of Vgg
@ Off-state, dyypnel is 22nm (shown horizontally)

@ AtVT1y, aninversion channel under the gate is formed

@ New vertical tunnel distance of about 3nm

Conv. TFET: Tunnel Width Contour

eDensity em"-3): 3.0E+00 4.5E+08 6.7E+12 1.0E+19

Figure 20:

@ dyynne of conv. TFET () to (h) as a function of Vgg
@ dyypnel is 22nm in the off-state

@ almost linearly reduces to ~5nm for Vgs =1V
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Tunnel Width Plot

24 |__HIGH-STATE >20nm
LA
20 N T
el N Spacer thickness ~20nm
[T} b .
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2 12 o = wm s TFET memme STBFET
© T
8 - . C
B S
44 c D L LT
. LOW-STATE <anm ]| Epitaxial thickness
00 02 04 06 08 10
Ves V)
Figure 21:

@ STBFET: before V1 , dtunnel is 22nm

@ At VTy abruptly collapsed to 3nm

@ Responsible for the super steep SS

@ conv. TFET, dyynne almost a linear function of Vg

Towards CMOS Compatible Process

STBFET: CMOS Compatible Process

14-04-2012
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STBFET: CMOS Compatible Process

F" implant

iv

Dummy Gate Stack Formation N
In-Situ Epitaxial Growth
Spacer formation

N* Drain epitaxial growth
Silicide Formation

Etch Dummy gate Stack
Carbon & Germanium Implant
P" Source implant

Rapid Thermal Anneal

2-3 nm, Low Temperature Epitaxy jjj
High-k gate oxide deposition N
Metal gate deposition

Low-K Dielectric Deposition
Contact Patterning and Formation

Process Simulation: Monte-Carlo Implants

STBFET doping contour
0 plot of detailed process

—s— Structure
—— Process

U T T T T
0.0 02 04 06 038 10

Gate Voltage (V)
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Process Simulation: Monte-Carlo Implants

103 . . . I—
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Figure 24:

@ lgn degradation: Boron diffusion in the epitaxial region

@ SS average: not degraded due to boron diffusion

CV: Three Devices

3

—5——@—SIBFET

=& TFET goEaBeE
~ [T AT CMOSFET @88
E |
= C!BG Cao =
é BHE-O-5-EHEE VD=1 V /,.\....
m "
Q
504
M pe= s
5 L.
o
T
O

o

00 02 04 06 08 10
Gate Voltage: Vg (Volts)

@ Cgp is 72% of Cgg in TFETS, 15% in CMOS-FET, 12% in STBFET
@ STBFETshave highest Cs due to high-k spacers but very small Cap

14-04-2012
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STBFET Circuit Performance

STBEFT: Inverter, Ring Osc, SRAM, SNM with
Vpp Scaling

Inverter Voltage Transfer Characteristic
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3-Stage Ring Oscillator

=
%]

Oscillator Clock Voltage (V)

e v
o N B2 o @ O
L | L | L |

— STBFET------ CMOS-FET

30 40 50 60 70 80 90 100
Time (ps)

-0.2

6T-SRAM Circuit

@ Bit line (BL), Bit line bar (BLB) and word line (WL): Read and write operations
@ Cell Ratio (CR): Ratio of i, to Ba
@ SNM: depends on J ratios, Vg and Vry

@ Higher Viry - higher SNIM 5

37



14-04-2012

STBFET SRAM: Read SNM

1.0+
0.8
g
g 06
§ upfun=‘|.5,2.0
‘é' 044 p 1p,=2
= RSNM = 245mv
021 STBFET vy = 0.2V]
0.0 T T T
0.0 0.2 0.g 1.0

04 06
Vaout, Vin (Valts)
@ Butterfly curve by plotting the normal and the mirrored transfer curve @

@ n and p-channel STBFET devices have symmetrical Yoy of —0.2V—
@ Read SNM of STBFET is 245mV

MOSFET SRAM: Read SNM

1.0
0.8+
)
S0g4
EO'B
= Py ! By =15, 2.0
=
<041 Baipa=2
3
02 RSNM = 245mV
| MOSFET vy =] 0.4V
0.0 T T T T
0.0 0.2 04 08 08 1.0

Vaut, Vin (Volts)

@ nand p-channel MOSFET devices have symmetrical Vry; of —0.4V—
@ Read SNM of MOSFET is 245mV
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SRAM Read SNM: Vpp Scaling

250+
—0— MOSFET
200 /
s -~
£ -
%150— ,/
w
~ fip ! By =1.5
100 Bl By=2
o
50 T T T

04 05 06 07 08 08 10
Vp (Volts)

@ 0.4V of supply, STBFET have 41% higher read SNM than that of MOSFET

STBFET Scaling

STBEFT: Vpp and Geometry Scaling

14-04-2012
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STBFET: Vpp Scaling

110 . . . T
—a—NSTBFET () Vg = 50mY
——PSTEFET () yy=gomy [ 109
105+ —A—NSTRFET (lyee) Supply = 0.4V [
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rio
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4 [ B 10 12 14 15

Tapspr (nm)

@ Vpp © Scaled from 1V to 0.4V
@ L Scaled from 30nm to 12nm
@ Spacer thickness from 22nm fo ?

@ Extreme work functions

STBFET Currents: SiGe Channel

Ion (pAJum)

150 — T T T 1010
50 =o=FSTOFET (lon) Gae over drive =350uV
== NSTHFET (L) Sigply Voltage =400mV / &
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7 7—+qp'?
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Ge mole fraction in the channel

@ p-STBFET: Increases the loy

@ n-STBFET: Double
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STBFET Vqy : SiGe Channel

n-STEFET Vth(mV)
2
N

Substrate = Silicon

/

/ 315my decrese in p-channel and I 250

S0mV incresse in wchannel
threshold volages
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@ p-STBFET: 315mV of decrease in the Vry

0.4

'y
=
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@ n-STBFET: Increase in the Vry

STBFET Currents: Whole SiGe

— .
= pSTBEET (1)

by

3504

== e STHFET |

T T T T
Ciate over drive =350mV
Supply Voltage =4i0mY
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=8

{ o ) ATy

E1=10

0.0

ol 02, . 03
(e mole fraction in the channel

@ Substrate: SiGe material 25% Ge

@ Epitaxial Channel: varying Ge mole fraction
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STBFET V1 : Whole SiGe

140 50
334mv decrese in p-channel and / o
1204 S0mV ineresse in n-channel P
_ threshold voltages A
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=
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@ Substrate: SiGe material 25% Ge

@ Epitaxial Channel: varying Ge mole fraction
@ p-STBFET: 334mV of decrease in the Yy

@ n-3STBFET: 50mV of decrease in the Wy

(AW s pada1s-d

PERFORMANCE COMPARISON OF VARIOUS DEVICE OPTIONS
Vpp=0.6 V, 3-stage Ring Oscillator

Device Tow Iorr Taon/ Dynamuic Delay | Overshoot
mASum | ndfum | Igrr | Power(uW)
nMOSFET 0.41 213 1.9e3 14 26ps NO
pMOSFET 0.26 127 2.0e3
nSTBFET 0.74 02 3.7eb 77 21ps NO
pSTBFET 0.81 22 3.5e5
T3a- -
nIFET 4.23e-3 le-3 4 2eb 095 l4ns 0.56V
pIFET 1.05e-3 le-3 1.0e6
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Conclusions

¢ ¢ 0 @ e ¢ ¢ ¢ ©

¢ ¢ © O @

A modified TFET structure for low SS and high |5y, has been proposed.

Proved by calibrated simulations using FIELDAY and SDEVICE.

STBFET shows good saturation in output characteristics like long channel MOSFET.
Physics behind the saturation of STBFET and conv. TFET is also explained
Analytical models has been used to validate the Vo and loy .

A CMOS compatible process flow has been shown by detailed process simulations.
20% degradation in oy is due to non-abrupt doping profile under the gate and
Boron diffusion in the spacer region.

This validates the process feasibility of the proposed architecture.

In STBFET, Cgp is very small fraction of Cee compared to TFETs.

Physics behind Overshoots as time-dependent space-charge and their relaxation phenomenon.
STBFET have better inverter Gain and noise margins than CMOS-FETs.

STBFET SRAM circuit have better SNM at scaled Voo -

Vpp and geometry scaling of STBFET is proposed.

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
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