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leakage components

4
, .
n+ 1) < 4
<,
p-Si

1) subthreshold current

2) junction leakage

3) gate-induced drain leakage (GIDL)

4) gate-leakage
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drain leakage current
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junction leakage current components

equilibrium V5 = Vpp

E 1) diffusion current
C
2) generation current

- F, 3) avalanche current

E
E, —
_L E, aVpo 4) Zener tunnel current
}
EV

p-substrate n+ drain p-substrate n+ drain
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diffusion current

p-substrate n+ drain
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generation current

. _\ ‘Jn _ qWeff (VD )% (eQVD/ZkBT _ 1)

p-substrate n+ drain
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avalanche current

dJ, = a,J,dx+ a J jdx

. . “b/E
empirical expression: « = Ag

the peak electric field is the
most important

o decreases as T increases

p-substrate n+ drain
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BTBT in the drain-substrate junction

Vp=V )
0 °b expect J(BTBT) to vary as: € Fo /A
also should vary as; e "oert/
F T
. Voo L ole

LR,
BTBT E
E,

p-substrate n+ drain
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BTBT in the drain-substrate junction

kK-space
1
\— \—

— hk—

conserve crystal
momentum by phonon
emission or absorption

ﬂ k

Vp = Vpp
F, '
® qVDD
' _F
BTBT E.
EV

defect-assisted tunneling
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BTBT (iii)

tunneling probability should involve the barrier
height (E;) and the barrier width (depletion layer)

| 42mEY

_V2m g’E Vg, .

B-B 21/2
4°h°ES

. :\/ZQNA(VDD +Vy)

&

XP

39Eh

eqn. (2.27) of
Taur and Ning

for Ny=5x10"®cm3, V=1V, Jg g ~ 1A/cm?
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BTBT and halos

L"‘J 0 | n+

‘'strong’ halos can lead to
high leakage

p-Si
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BTBT: effecton |-V

A
log |, - V=l
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drain junction

leakage
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BTBT (iv)

BTBT trends

BTBT is becoming increasingly important as channel doping
densities increase.

It is also a concern for alternative channel materials with
smaller bandgaps.
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gate-induced BTBT

VD
@
@) n+

BTBT can occur at the surface!

Lundstrom EE-612 FO8 17



gate-induced BTBT: effect on |-V

log |,
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gate-induced drain leakage (GIDL)

|
Ve <Vip |

| VDD

n+ J \:\ n+
/ | X

depletion region in the n* drain

p-Si
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GIDL (iii)
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GIDL (iii)

Ve <Vp

0 I V..
n+ J [t\ n+

P-Si
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GIDL: example

Overdrive (Vdd=1V)

1000
Ty, vd|=1V
100 o,
— 10 1' Sy
= E
= 1 5
0
i C % s &
= pMOS %%% & & nvos
0.01 [ lon =358uA/um ,g' & lon=730pAlum
loff =6nAjum % @ loff=8nAlum
0.001 o.%
0.0001 ! i !
-1 -0.5 0 0.5 1
Vg (V)

M. Okuno, et al., “45-nm Node CMOS Integration with a Novel STI Structure and
Full-NCS/Cu Interlayers for Low-Operation-Power (LOP) Applications,” IEDM,
Washington DC. Dec. 5-7, 2005
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gate leakage

—1t, >4nm—
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Fowler-Nordheim tunneling

AVoy > oy Pox

4————

E, —t,, >4 nm—
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Fowler-Nordheim tunneling (ii)

q°EZ 4\/2m oi2
Jen = 167r2f:);OX €XP| = 3hoE,, | €an (2.209) Taur and Ning
RSN
C 5
‘JFN /ClEéx — exp{__z} U\J \\
Eox ) N\
h \
'ﬁE N
E., =8 MV/cm = \\
O \
Jey =5x107" Alem?
1/E,,
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gate leakage (thin oxides)

tox =1—2 nm
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direct tunneling

AV |
Pox

1-2nm
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direct tunneling in practice

[ T[] Data f nm
~ 1B [ o e Tmodel o (0M)

1 | I 1

Gate voltage (V)

Lo, Buchanan, and Taur, “Modeling and characterization of quantization,

polysilicon depletion, and direct tunneling effects in MOSFETs with ultrathin
oxides,” IBM J. Res. Develop., 43, pp. 327-337, 1999.
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gate leakage at the 2008 node

is gate leakage a problem at the 2008 (59 nm) node?

Acare = WL =1000 nm x 22 nm =2.2 x107° cm?

EOT (LSTP)=1.6 nm Vo, =11V (2007 Ed. ITRS)

J, (LSTP) =10 A/cm? (from plot on previous slide)

| oare = 2200 pA/um

lsp 1eak (LSTP) = 30 pA/um
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ITRS 2007 Ed.

Process Integration, Devices, and Structures 17

Table PID53a  Low Standby Power Technology Requirements—Near-term Years

Grey cell: delineate one of two time periods: either before initial production ramp haz started for ultra-thin body fully depleted (UTE FD 501 or double-gate
(DG MOSFET:, or bayvond whm plangr bulk or UTB FD MOSFET: have reached the limits of proctical soaling (see the texs and the table notes for further
diseussion).

Tear tn Production 2007 2008 2009 2010 2001 2012 2013 2004 2005
ﬂhﬁ:ﬁﬂ” 1 41} % Fisch a8 50 52 45 40 16 32 28 25
MPU Phyzical Gazs Length frm) 25 2 20 13 T 7] 3 11 10
Ly: Pinzical gate lengeh for LSTP [1]
{M}E"““""" R 45 37 32 28 25 2 20 18 16
(nm) 22 20 18 17
EOT: Equivalens Oxide Thicknezz [J
Extended planar bulk (A) 19 16 )15 14 13 12 1
UTBFD(A) - 13 12 1 10
> 14 13 12 11
Gats Poly Deplerion and Brorsioe-Laper Equivaless Thickness [3]
Extended planar bulk (4) 6.2 33 34 33 3.2 341 EX]
UTBFD (&)
DG (A)
EOT g Elecrical Equivalenr Ohdde Thickmezs in imversion [4]
Esctended planar bulk (A) 25.2 19.3 18.4 17.3 16.2 15.1 14.1
UTBFD (4)

‘g

Je tomiv Macinnmm gate leakage corvent denzine [5] \

Extended Planar Bulk (Alem™) | 6.67E-02 | 8.11E.02 ).ws-uz 1.07E-01 | 1.20E-01 | 1.36E.01 | 1.50E.01

——
DG (Adem™) 1.36E-01 | 1.50E-01 | 1.67E01 | 1.86E-1

Vi Power Supply Volizge (10 [6]

TBED (Alem’) / 1.36E-M | 1.50E-01 | 1.67E-01 | 1.76E-1
1.4

Extended Planar Bulk V) [ 14 | [ 2 T + T 1+ ] 1 1 o8 | |
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oxide scaling

[2] EOT: for a gate dielectric of thickness Td and relative
dielectric constant k, EOT is defined by: EOT = Td / (K
/3.9), where 3.9 is the relative dielectric constant of
thermal silicon dioxide.

It is projected that high-k gate dielectric will be required
by 2008 to control the gate leakage.
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high-k gate dielectrics

C — C — ins — gox gins — gox gox

oX ~7Ins

N ™t et (goxtinslgins): EOT

If K5ns >> Koy, then we can use a thicker t,g, get a
higher C,s, and lower Jg;
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high-k gate dielectrics (ii)

100 —
: % _"“"'«-h_‘ SN Pty Hh'"r_,.!rf;
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2 0.0001 .
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0.00001 — —
A2 A4 08 06 04 D2 0 02 04 U8 08 1 12
VGS (V)
Figure 8: Gate leakage reduction of 25-1000x with use
of high-k+metal gate relative to 65nm technology

“45nm High-k + Metal Gate Strain-Enhanced Transistors”

Intel Technology Journal, 12 (2), June 17, 2008
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gate leakage

[5] Jg,limit is the maximum allowed gate leakage current
density at 25C, and it is measured with the gate biased
to Vdd and the source, drain, and substrate all set to
ground.

Si02 --> SiON
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total leakage

[8] Isd,leak: subthreshold leakage current is defined as the
NMOSFET source current per micron of device width, at
25C, with the drain bias set equal to Vdd and with the
gate, source, and substrate biases set to zero volts.

Total NMOS off-state leakage current (loff) is the sum of
the NMOS subthreshold, gate, and junction leakage
current (which includes band-to-band tunneling and gate
induced drain leakage [GIDL]) components).

For LSTP, meeting the Isd,leak target of ~30pA/um is the
key scaling goal.
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total leakage; 2008

LSTP Isd, leak target:

LSTP, junction leakage target:

LSTP, gate leakage target:

Lundstrom EE-612 FO8

30pA/um

10pA/um

8.1e-02 A/cm?
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leakage challenges

1) Gate leakage has become a major problem
because of t,, scaling and is leading to the
replacement of SiO,.

1E-0 T
T o
LEH0 | Simulated Jg | _ —
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—
I 4
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Figure PIDS3  LSTP: Jg jimi versus Simulated Gate Leakage Current Density for 5iON Gate Dielectric

(2007 Ed. ITRS, PIDS Chapter) 40



leakage challenges

1) Gate leakage has become a major problem
because of t,, scaling and is leading to the
replacement of SiO,.

2) Band-to-band tunneling (and GIDL) are also
concerns.

3) And don’t forget about the sunthreshold channel
current!
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