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ZN¢ Why tunnel FET ? B

For V44 Scaling
4 Tunnel FET

A MOSFET

R4
Y

| t
offt 81,4 6omv/dec:

—\/ e\
Vad Vad Vad Vg

Conventionally V44 scaling causes a significant increase in | 4 due to

the lower limit of SS (~60mV/dec.)
V44 scaling without I ¢ increase can be done by steepening the SS
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SNC Why tunnel FET ?
MOSFET Tunnel FET
Gate Gate
high-k high-k

Carrier flow is determined by
thermal-injection mechanism

SS > 60mV/dec.

Carrier flow is determined by
BTBT transport mechanism

SS < 60mV/dec.
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Zhie Lateral & vertical TFETs - B

e Two TFET architectures

Lateral (conventional) TFET vertical
(parallel electric field) TFET
Gate

cate high-k
high-k f‘.‘f B

S ; :: S i J

| |

BOX | BOXI

i |

Loy: Overlap length

BTBT is limited in interface BTBT area is enlarged

-->> Small |, C. Hu et.al., VLSI-TSA 2008, 14 (2008)
R. Li et.al., Phys. Status Solidi C 9, 389 (2012)
Y. Morita et.al, Jpn. J. Appl. Phys. 52, 04CC25 (2013)

a2 AIST 5




e Objective of this work B

» Performance of the parallel electric field TFET
(PE-TFET), relation between ON current and
overlap length, is analyzed.

» Proposal of modified TFET architecture to improve
electrostatics (Synthetic electric field TFET)
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DG Nernostecironcs Cartn

Zk¢  Fabrication of PE-TFET with epich-

S/D first & "Junction-last" TFET process

P/ (b)
BF, I/ ()
Activation (1000 °C)

(a) .
SOl mesa etching

Gate stack etch (e)
Contact
Sintering

SOl mesaetching (a) ~> iSi epitaxial growth, high-k and gate (d)

SOl SOl (@
BOX Gate Gate
High-k High-k
®) . i Epich I| |Epich I
P ion implantation P'C] a”[”e p"]3 a”f‘e
@ BOX
SOl SOl
BOX (e)
n-TFET  p-TFET
BF, ion implantation G G

iyl a High-k
was sEsliol 1k

BOX BOX
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e Operation of p- & n-PE-TFETs

ID'VG
EOT =1.3nm Lg =1000 nm Lov = 150 nm
0
n-TFET  p-TFET 10 | p-TFET n-TFET |
G G - V,=-1V Vp=1V
High-k 107 I
/ . _— u -
s BIFS) Bl E. .
> 10 7
BOX el I ]
O
— 10°Fv,=-0.2V -
10°f ss )
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Effect of L, Increase

Relation between I, and L,
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Confirming I, increase with increasing L,

ON current degraded at L, > 1000 nm
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SNC Effect of L, Increase -
Analysis using a distributed-element circuit

Gate insulator

| flow (voltage drop) —_— Thin channel
v(X + dx) v(X) R
Gate insulator (; (; A MC JVV\%; ) o V,
Thin chanqel
c _Fecg FecT 3o
chﬁrc_eTvaIJ T T
——LA W\n’ =o
x + dx Rs
Source weII

-, —>

Source input point

[ dv(x) _

. = RI(X

In ideal case (R ~ 0), " "

i-v relation can be describes as, | _ _dit) _ g
ax

—
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Effect of L, Increase -

Relation between I and L,

3 G | ~ é " Ideal case
SN e B s

09,
G

|deal case

2.0, (Rg=0)

0.8 '--.__S___ . _010_3_ Considering R ¢ |
0.4 Considering R | _ © _
o
O | | | '5 1 ] 1 1
0 40 80 120 10 100 107 10° 10°

L, (nm) L., (nm)

Upper limit of ON current ! ~ %VD
C
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ZNE Experimental results B

BPOGN Mmoo

@

Limit of drain current in PE-TFET

lonmax ~ /% Vp
C

-->> Self-voltage-drop effect in thin channel

Trade off
Enhancing G <<-->> Reducing R,

Balance between tunnel conductance and
channel resistance iIs critical.
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2x¢ Proposal of synthetic electric field TF-

« Multiplication of lateral & vertical electric fields

(a)
Lateral TFET Synthetic electric field TFET Ultrathin
undoped channel
Gate -/
(c) (d)
n+ S I+ ‘ High-k
E Gate |
el | Gate v
(b) o : i I ESide “I“DEPI
. . W 1 1 : 1 T o e L
Parallel electric field TFET | .. S% ¢ Derr- n+S
__[ :// :/’ -t-_ E ESynth
Gate :‘ I i Top
T n+S | | i BOX i
n+ S b I i+ BOX — Wey —i
Ecare BOX LOVI i

a2 AIST 15



2R Fabrication of SE-TFET with epichannel -

DN Mpsosteconcs Certer

e Based on source/drain-first CMOS process

(@) (b) (€) (d)

BF, ion implantation As ion implantation ~ Channel epitaxial growth

- 2 T am

BOX BOX BOX BOX
(f) Gate insulator (g) Gate etch
(e) . & Gate electrode 0-TFET  n-TFET
Mesa-etching
/ | { LA |\
O . s | |lolAg ] |l
BOX BOX BOX
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NC Device stru

 Small amount of defects at epitaxial
channel/source interface

Channel cross-section

Gate cross-section

-----1

Source y 4
s
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24 Operation mechanism

DN Hpsostecronc

@

Conventional (lateral) TFET
SE-TFET

-
”
-

n+ S 7 ‘
Egare BOX TOp E-field Side + TOp E-fields
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e Simulation of electric field

Electric field at edges is enlarged by SE-effect.

o Scaling of channel thickness and width enhances
SE-effect

Electric field distribution
Electr_ic field (V/cm)

. 3x106
EC 9x10° E
S
=
‘ ’ 3x10° = Dep =10 nm
- E
ox10* £ inni
Electric field X © Dg, thinning
h+ S 1 enhancement u%
4
| 3x10 W, =50 nm D, =50 nm
1x104 1(}3|l|||||||
_ _ 20 -10 0 10 20
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e Impact of channel width B

e Better performance in narrower channel device

D))
=

)
9))))))))ii2)))) %)
20 N
%)

20 -10 00
V. (V)
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Impact of channel width - B

09,
é

e I, at W, = 0 corresponds to the edge current.

LOV =400 nm

UM 5 4 % 103 uA/um
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e Impact of channel width

OO Henostectrornc Cartar

* Edge current is enhanced by D¢, scaling.

UM 5 4 x 102 uA/um
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DN Husostecron

¢ Impact of channel width B

» Scaling of both D, and W, enhance performance

4 nm
(Prediction)

FinFET-like 10 nm

structure is better
<>
Gate

+3S

10° 10 10° 10° 10* 10°
W, (nm)
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v Performance of SE-tunnel FInFET

Ib-Ve I5-Vo
T T T T T 1 1 1

10° V. =02,-10V] 70 |10vO%%

V_0.1Vstep |

-0.4 0.0
V_ (V)

Significant performance
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i Summary - E

Parallel electric field TFET
 Limit of ON current
 Balance between tunnel conductance and channel
resistance is critical

Synthetic electric field TFET
« Scaling induced performance enhancement
 FINFET-like slim device is promising.
« Significant performance in small voltage
SSyny =958, I = 4 uA/um @(V;,Vp)=(-0.5,-0.2 V)
400 uA/um @(Vgs,Vp)=(-2,-1 V)

 The concept can be applicable to Ge or IlI-V TFETs.
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SNC Benchmark -

®
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Zhie Impact of L,

OO Henostectrornc Cartar

@

« Maximum Iy at Ly, ~ 50 nm
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OO Henostectrornc Cartar

e Scaling of channel width - B

» Scaling of both D, and W, enhance performance.
SE-tunnel FINTFET

L] | L] | ]
p+ Source 10° | ]
1 4 nm
10°F (Prediction) ]|
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e SIMS analysis of dopant profiles

DN Mpsosteconcs Certer

 Dopant steepness in the epitaxial channel is maintained
below 900 "C.

Epitaxial
channel

=
o
()

1000 °C

Dopant gradient (nm/dec)
H
()

As
1
B
10 20 30 40 50 600 800 1000
Depth (nm) Post-anneal temp.(°C)




e Impact of SE effect N

OO Henostectrornc Cartar

 Significant increase of I in the SE-TFET
ID'VG

10°F e D, =10nm
With SE effect

n
BOX
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S SE-TFET
<, .4
= 10
= 10°
f ?1+ S Without SE effect
BOX 8
10 20 10 00
Parallel electric field TFET V_(V)
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Villalon et alfVillalon et all Knoll et al | Zhou et al | Zhou et al [Dewey et al
This work | This work | This work | This work | VLSI2012 | VLSI2012 | EDL2013 | IEDM2012 | IEDM2012 | IEDM2011
[8] [8] [9] [10] [10] [11]
Types P P p p P p Y n n n
Materials Si Si Si Si SiGe30% | SiGe30% Si GaSbh/InAs | GaSb/InAs | InGaAs
Structures | DL Fin DL Fin DL Fin DL Fin ETSOI ETSOI Nanowire | Vertical Vertical Vertical
Boosters | DLFin | DLFn | DLFn | DLFin | Stan | Stran | Sfan -V -V 1Y
Metal S/D
Vb (V) -1 -0.2 -0.2 -1 -05 1 05 0.3
Vs (V) -2 -1 -1 -0.5 2 -1 A 1 05 ~0.48
Von-Vorr -2 -1 -1 0.5 -2 -1 -1 2 15 0.5
V)
lon (UA/UM) 417 82 40 4 ~300 ~10 ~5 380 180 5.7
Imin (UA/UM)| 2.00E-04 | 2.00E-04 | 2.00E-06 | 2.00E-06 | 3.70E-05 | 3.70E-05 ~2e-6 5.07E-02 | 3.00E-02 | 1.00E-04
lon/lwn | 2.09E+06 | 4.10E+05 | 2.00E+07 | 2.00E+06 | 8.11E+06 | 2.70E+05 | 2.50E+06 | 7.50E+03 | 6.00E+03 | 5.70E+04
SSu 70 70 58 58 ~120 ~120 90 200 200 58
(mV/dec)
EOT (nm) 1.3 1.3 1.3 1.3 1.25 1.25 3 nm HfO, 1.3 1.3 1.1
L (nm) 60 60 60 60 200 200 200 100

a4 AIST



@

i -V of SE-TFETS - B

Symmetric operation of p & n SE-TFETs
Ls = 100 nm W, = 60 nm

10°
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i Tunability of Lgy -

p-TFET
P Lg =1 um
RX10 (b) Simulation Lw =10 um
NE_ (c) ?
= G
L 2x10
e High-k
§ Epi-layer
3 |
'§1X10' S ! ] D
© <
O el'Lov
0
/8

Fig. 4 Typical CV characteristics for the PP-capacitor of VIM
TFETs. Variations in the different Lov are shown. (a) Experi-
mental and (b) simulation results. (¢) Measurement setup.

a2 AIST 35



2w Device simulation of SE-TFET
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HYENEXSS™, v.5.5, Selete, 2011.
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gm%@ Sub-threshold condition (Potential)
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g%—@ Sub-threshold condition (Potential) _
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