IE=1=
|

| — | ! Hi £ ..} ;.;." ,, { v
Lo | ' SR

ECE 225
Lecture /
~,. Beyond-CMOS Devices

TDunieling. Field-Effect-Transistors

Prof. Kaustav Banerjé’é*---
Electrical and Computer Engineering
~ University owaaIiernia, Santa Barbara



Why steep sub-threshold
slope (SSS) device ?
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Power Consumption in MOSFETs
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Puri et. al, Nano'Lett, 2003 The focus: Vpp & I
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Power vs. Performance

|09(AID) Lon Design at certain node (fixed Vp):

e high V, => low I & low I,
=> low passive power &
low performance
(low-standby-power, or LSTP)

Lorr

e Low V, => high I, & high I,
=> high passive power &
high performance
(high performance, or HP)

For Vpp scallng
X At fixed IS

At fixed I,,, smaller V,, : r
Ioer and thus higher passive power.
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How Can SSS Device Help?
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SSS Engineering
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MOSFET Carrier Transport

A Thermionic emission A I
Thermionic emission
> >
o OFF state o
-
0 / g ON state
W1 Source W | Source
3 - > . - > -
\"’Erstance Drain Distance Drain
o dllogl 1\ ™" _ dy Lo
 \eals ~ dos \In(10)I, dos
qPs
Iy = cont. exp(— ——
Depends on device J -~ feeat cxpl kT)

electrostatics 60mV/dec @ RT

Lecture 7, ECE 225 Kaustav Banerjee



Fundamentals of Tunnel FET

--- the most promising SSS device

OFF state ON state
s ) ACLE Srai < 9 Gate -
ource: Oxide : rain ource Oxide : rain
L 1 + B Wy 1
Oxide

IGate

BTBT

Abrupt appearance of conduction channel (tunneling

window ) is the key in achieving SSS!
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Origin of SSS Iin TFET

W. Cao, K. Banerjee et al., AIP Advances 2014 --- from a mathematical perspective
s = Z—SLE:T(E)[ f(E)— f,(E)]dE —Consider an idealized TFET
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& E Flntegral : —
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Near-zero S in TFET
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The Limitations of TFET

1. Low ON current

<
Ee 5
=
S
]
Electron =
BTBT c c‘g
N O
E.. z
5

E,. IEQ =27 ' . .
N 0.3 0.7 1.1 1.5 1.9

Vg (V)
K. Boucart et al., TED 2007.

W. 0 (~Several nanometexrs)

A +/2mE,
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The Limitations of TFET

2. Slow V4 turn-on

— | L =70 nm

g 1.2-80:225

< [t =2.5nm
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Why?

Any effect on circuit performance ?
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Origin of V4, ;, In TFET

4

--- from a physics perspective

doping &

Assuming abrupt
occupation function

Js—Ja=

)
1

Tl

But DOS=0!!




Origin of V. 4, in TFET

--- from a mathematical perspective

20 (B
e _?—[Ecc T(E)[ f(E)—1, (E)]dE —— Consider an idealized TFET

3 W;=0, T(E)=1 0.5
0.4 Evs'E S
~ 2_q F E from -0.2eV tj; 0.2eV
h Integral < - steps 50meV
1+exp| (E — E,, +AE) /KT | |
I:Integral = KT In( )
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1+exp| (Eps.E,.) /KT |
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4 . 00 01 02 03 04 05
= fd qus Drain Voltage, Vps, [V]

L. Michielis etalEDL, vol. 33, no. 11, pp. 1523, Nov. 2012.
Degenerate doping is needed in the source to eliminate V. ,,,
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Effect on Circuit

Y. Khatami and K. Banerjee, Vol. 56, No. 11, pp. 2752-2761, TED 2009
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The Limitations of TFET
3. Large C,

\ — VeV Vo1V (q) Si TFET

V=1V, V=1V

Si MOSFET
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In MOSFET, C,.and C 4 evenly divide In TFET, C 4 dominates in both linear
Cyq in linear region; C,, dominates in andrsaturation regions
saturation regions
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TFET Design

With conventional (bulk) material based
homojunction TFET

Electron
Ef ------




Heterojunction TFET

Y. Khatami and K. Banerjee, IEEE TED 2009
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Using High-K gate dielectric
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Optimizing Ge mole fraction
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Optimizing SiGe thickness
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Green FET

Hu et al., IEDM 2010 (Berkeley)
Gate electric field is parallel to transport direction....
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Si Nanowire TFET

R. Gandhi et al, vol. 32, no. 4, pp. 437-439, EDL 2011

Source
-0.5 0.0 0.5
Vg (V)

NW di =30
Vds=0-1V iameter = 30 nm

Fig. 1. (a) Device schematic and (b) TEM image of the fabricated device with
nanowire diameter of ~18 nm and a gate length of ~140 nm.
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III-V-Si Hetero-J TFET

K. Tomioka et al, VLSI 2013

n*-lll-V nanowire g,

-V nanowire

Drain
11l-V nanowire
n-lll-V nanowire

Lecture 7, ECE 225 Kaustav Banerjee



III-V-Si hetero-J TFET

K. Tomioka et al, VLSI 2013
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Fig. 9 Experimental transfer characteristics of
optimized TFET with a NW-diameter of 30 nm

(pink curve) Vps = 1.00 V.
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Fig. 10 Experimental transfer characteristics of

optimized TFET with a NW-diameter of 30 nm

(pink curve) Vps =0.10 V.
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[FET

Channel

Challenges with Bulk Materials...
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- Large tunnel barrier
height and width

A - High density of
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junction

- Poor SSand 1,
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TFETs Designed with Bulk Materials...

m %ﬁ-; Sub-V

region
requires < 60 mV/dec (4 dec)
over 4 decades of drain
current

A
I

<60 mV/dec over 4 dec

<60 mV/dec over 3 dec

<60 mV/dec over 2 dec

Top-4 Experimental | channel| StUCvre |y

: (Channel
TFETs Material Dimension) V)

>V,

SS,,qover | SS,,4 over

SSmin 3 decades | 4 decades Lon

(mV/dec)

(mV/dec) | (mV/dec) | (HA/HM)

Ion / Ioff
Ratio

" Tomioka et. al. b 6
W(Hokkaido Univ./JST) Sifin-v NW 1 1 2x10
Nane,Letters 2013 Hetero- (30 nm)
Symp. on VLSI Technology 2012 NW 0.001 1x10°
Gandhi et. al. NW 4
(NUS/IME/UCSB) _ (30-40 nm) O
IEEE Elect. Dev. Lett. 2011 Si-NW NW
IEEE Elect. Dev. Lett. 2011 (18 nm) 0.44 1.6x10°
Jeon et. al. Symp. on VLSI Technology 2010 SOI
(SEMATECH/Berkeley/Texas Si 1.2 6x106
State Univ.) (oom)
: S
Kifretaie Batnmaiy Si (78%1) 0.5 0.42 | 3.5x106
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Advantages of 2D Materials for TFETs

W. Cao, D. Sarkar, Y. Khatami, J. Kang and K. Banerjee, AIP Advances, 4, 067141, 2014.

Vs Y

™~

Better electrostatics

SS =
0y dlog(Ip)
~current modulation
electrostatics efficiency
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bl L U W, El,‘k
WES 2 =t
E%Etj is o ;@% bulk

i

Febcfe AR E _

bulk 2D A Higher
Pristine interfaces Tunneling
Small tunnel C
urrent

barrier width

Planar Platform: easy to process
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Wave vector

First 2D-Channel Tunnel FET (UCSB)

Nature, 526, 91-95, Oct 1, 2015.
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First 2D-channel TFET (UCSB)

Nature, 526, 91-95, Oct 1, 2015.

v ATLAS-TFET
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/60 midec
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AR ek e A T
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World’s Thinnest Gate Voltage (V) Drain Current (A)
. Channel Transistor Minimum SSof 3.9 Average SSof 31.1
. With Subthermionic mV/dec mV/dec for 4 decades
ssi!

> Uniquely combines.the advantages of 3D,(high doping) and 2D (ultra-thin & pristine)
> Ge-MoS, provides a staggered band alignment— reduced tunnel barrier height
> Bilayer MoS,— ultra-thin tunnel barrier width, reduced scattering, higher DOS

> Vertical van der Waals heterostructure— large tunneling area, negligible diffusion
of dopants (vdW gap) leading to high electric field across source-channel junction

First TFET to achieve subthermionic SS over four decades of drain
current, at V,, of 0.1 volts, with over2Xiimprovement.in. ON current!il!

Lecture 7, ECE 225 Kaustav Banerjee



Negative Capacitance FET

nature communications

Explore content ¥  About the journal ¥  Publish with us v

nature » nature communications » articles » article

Article | Open access | Published: 10 January 2020
Is negative capacitance FET asteep-slope logic switch?
Wei Cao & Kaustav Banerjee S

Nature Communications 11, Article number: 196 (2020) | Cite this article

22k Accesses | 103 Citations | 43 Altmetric | Metrics
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