Semiconductor Technologies
for Low-Power ICs

Chenming Hu
Univ. of California



|IC Uses a Lot of Electricity

1. US Lawrence Berkeley Lab reports:

« 1999 office/network equipment used
3% US electricity, and home electronics,
4%.

« Server electricity use doubled between
2000 and 2005. (Total US electricity use
stayed flat.) Cooling the servers uses as
much electricity as the servers.

2. 1C use of world electricity is a few %
today, more with air conditioning.
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Power Consumption Problems

1.Not just a chip and package thermal
management Issue.

2.1Cs use a few % of world’s electricity today
and

* Power per chip is growing.
 |IC units in use also growing.

3.1f IC power consumption per chip is not
reduced, industry’s future growth is at risk.
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Use More Transistors to Save Power
f.CV,°

e Parallel Processing uses more transistors
(more C) but lower f and V4, for significant
power savings.

e Better circuit power management- sleep
mode, Multiple Vt, Vdd, etc.

e Local data storage with massive Flash
Memory to reduce energy consuming
(wireless) data exchanges.
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Reduce C

f.CV,,°

Reduce all capacitances.
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Vacuum-Sheath Interconnect

® C;o1aL < Delay, Cy « Crosstalk Noise

_ _ Load Capacitance : C,
Dielectric Beam

Etch Stop layer Mutual Capacitance : Cy

Metal Total Capacitance : C;oraL

J. Park, Electronics Letters, p. 1294, 2009
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Effective k of Vacuum-Sheath
Interconnects

NS\
AL \xo\ki\
R

AN

Air Percentage (%

3.6

Beam Dielectric Constant

3.9

J. Park, Electronics Letters, p. 1294, 2009
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Vacuum Spacer to Reduce Cgc

e C;ox : Gate Oxide Capacitance

® C,. : Gate-to-Contact Capacitance

Ceox » Cac Ceox < Cgc

Contacts
n__xa il )

——

Scale Down
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Vacuum Spacer Self-Aligned Contact
20nm MOSFET comparison

-
Vacuum

Oxide
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Vacuum
Oxide SEace
Spacer Self-
P aligned
contact
(SAC)
Inverter 6.15 5.05
Delay, ps (1) (0.82)
SIV'V’I‘;iLt;; 24.2 18.8
energy, fJ (1) (0.78)
Relative 1 0.7
Area

J. Park, IEEE EDL, p.1368, 2009




Other Ways to Reduce C

« SOl reduces junction capacitance

* Optical interconnect reduces
capacitance

« 3D IC reduces Interconnects

¢ ?
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Because V44 scaling has slowed after

More Trouble to Come

90nm node.
ITRS Roadmap
Technolog ||| 250 {180 130 90 | 65 | 45 | 32 | 22 | 16
yNode nm nm nm nm  nm nm{ nm | nm | nm
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Hard to Reduce V 4 and | ¢
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Adapted from E. J. Nowak, IBM JRD, 2002.
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Reducing V44 Hurts

1. lon/speed (if Vtis fixed)

= )
= -
Needs Iarger %10 ://1-Fldet
ION at low g :
'S
a
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Reduce V44 with Higher Mobility

- We used to scale V4 and maintain
good speed by reducing T,, .

* T,, scaling Is slowing, even with
high-k dielectrics.

* Vdd — Vt may be reduced with help
of higher mobility, p.
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New materials, e.g. Ge, SiGe on Si

Ge Si
un (cm?V-sec) 3,900 1,500
up (cm*V-sec) 1,900 450
Eg (eV) 0.66 112 Gate

Source ﬁ Drain

3nm Ge film ‘ _ ‘

Silicon

And InGaAs, CNT, graphene... Vdd-Vt may be
reduced by several folds.
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Reducing Vdd Hurts

2. lore/leakage-power If Vi is
reduced

Needs better
control of SS
and Vi

/ 2. Lower Vt
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Why V; Variation & SS Are Bad?

Transistors become “resistors” at very
small L -- unless the insulator thickness

IS reduced with L.

€
?i‘ 0000 oooooééggggggggg ‘ Gate ‘
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Gate Voltage, V__ (V
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Even Worse

Gate

Sourck—% Drain

Leakage Path

Gate cannot control the
leakage current paths
that are far from the gate.
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One Way to Better V; & SS

1. Ultra-thin-body UTBSOI - there is no
leakage path far from the gate.

Source ::UTB Drain
Si102
Si

Drain Current [A/um]

Y-K. Choi, IEEE EDL, p. 254, 2000
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Second way to Better V, & SS

2. The gate controls a thin channel
from more than one side.

Gate

Drain

Source

__Gate

FINFET I1s a manufacturable multigate
transistor structure.
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FINFET -- a Manufacturable
Multigate Transistor Structure.

F. Yang, 2004 VLSI Tech. Symp.
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Very Low Vdd IC

— Adapted from E. J. Nowak, IBM JRD, 2002.
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Reduce Vdd with a New Steep On/Off,
Low Voltage Green Transistor

S<60mV/dec

S>60mV/dec

Log Drain Current |

Gate Voltage Vg
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How to reduce V 4 to 0.15V?

1.Reduce Vdd — Vt to <0.1V with high-
mobility-channel material, or sub-
threshold circuits.

2. Reduce V,to 50mV. Need a device
that Is free of the 60mV/decade
turn-off limit.
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Origin of the 60mV/decade Limit

Ve

L
Cox T

A potential > — \

barrier controls E.
the electron flow. E,

Source Channel Drain

Leakage current is determined by Boltzmann
distribution or 60 mV/decade, limiting MOSFET, bipolar,
graphene MOSFET...

So, let electrons go through, not over, the

energy barrier 2 semiconductor tunneling
or MEMS
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Semiconductor Band-to-Band Tunneling:
EC generating electron/hole pairs

:‘ P
-

!

A known mechanism of leakage current since
1985.

Called Gate Induce Drain Leakage (GIDL)
because the current depends on the gate

voltage. 3. Chen, P. Ko, C. Hu, IEDM 1985
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Green Transistor --Simulation

P+ Pocket C. Hu, 2008 VLSI-TSA, p.14, April, 2008
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Drain

Gate Oxide

Simulated carrier generation rates

Abrupt turn-on due to over-lap of valence/conduction
bands; adjustable turn-on voltage.
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Reduce Vdd by Reducing Eg

Simulated impact of Eg scaling

1E-02 g Eg=0.36eV, Vdd=0.2V, EOT=5 A, CV/I=0.42pS
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Vdd scales down faster than Eg.

- C. Hu, 2008 VLSI-TSA, p.14, April, 2008
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Simulated gFET Inverter VTC

Good voltage gain at 0.1V
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Hetero-junction gFET

- In lieu of unusual low Eg semiconductor,

Strained Si on Ge has 0.18eV
“effective tunneling Eg”.

Gate

P+ Source

N+ Drain

Ge Substrate
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A. Bowonder, Intern’l Workshop Junction Tech., 2008




Summary

* |Cs use several % of world’s electricity
and growing fast.

» Can reduce power by orders-of-
magnitude through architecture,
circuits, capacitance, new transistors.

» "CMOS” will serve the world for many
more decades and grow to a much
larger industry.
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