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A Level-Set on Miracles ©$2%a . . ° &

A few atomic layers
s of SiGe Goes Here

_ ... Very Carefully!
{ Transistor
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The Internet
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Outline CowR L
e Some Reminders on SiGe

 Scaling Trends and Performance Limits

* Emerging Application Opportunities for SiGe
 Extreme Environment Electronics

 Using SiGe in a Radiation Context
 Cryogenic Operation of SiGe HBTs

* Cryogenic Operation of CMOS

e Summary
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Strain Engineering in Si "% Jogh: o oo &

Strained Si CMOS SiGe HBTs

All Are:
Strain-Enhanced
Si-based Transistors

Close Cousins!

John D. Cressler, 6/09 S I G e M O D F ETS 7
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SiGe Strained Layer Epi & Togh o o« @A

B} Strained SiGe Si Substrate
The Bright Idea! R
Practice Bandgap Engineering = E.
... but do it in Silicon! Typel 2k,
Alignment
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When You Do It Right ... ot Technology A

e Seamless Integration of SiGe into Si

No Evidence
of Deposition!
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The SiGe HBT @ﬁTegch[m@D@@y A

The Idea: Put Graded Ge Layer into the Base of a Si BJT
Primary Consequences:

» smaller base bandgap increases electron injection (B 1)

* field from graded base bandgap decreases base transit time (fo )
* base bandgap grading produces higher Early voltage (V,1%)
» decouples base profile from performance metrics
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e Conventional Shallow and Deep Trench Isolation + CMOS BEOL
* Unconditionally Stable, SiGe Epitaxial Base Profile

* 100% Si Manufacturing Compatibility E B C

e SiGe HBT + Si CMOS on wafer L L

Germanium (%)

200 400

Depth (nm)

600

SiGe = lll-V Speed + Si Manufacturing
Win-Win!

John D. Cressler, 6/09



SiGe Success Story

e Rapid Generational Evolution (full SiGe BiCMOS)
* Significant In-roads in Communications / Analog ICs

off Technhology

Georgiansifiute A
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Important Point: 200 GHz @ 130 nm! (2G better than CMOS)
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SiGe Performance Limits SS$2p .~

=

efr+f ..>1THz in SiGe Is Clearly Possible (at very modest lith)
* Both f; and f__, above 500 GHz at Cryo-T (T = scaling knob)
e Goal: Useful BV @ 500 GHz (BV o> 1.5V + BV g,>5.5V)
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Some Application Bands for SiGe IC’s

=

Defense
40 ——
. . In Billions of US $
Navigation » 357 M SiGe, CAGR=61.3%
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SiGe Analog/MS ICs
> Are a Major Driver!
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Some New Opportunities = Teeh o ./ @&

e SiGe for Radar Systems
- single chip T/R for phased arrays, space-based radar (2-10 GHz & up)

- automotive radar (24, 77 GHz)

e SiGe for Millimeter-wave Communications

- Gb/s short range wireless links (60, 94 GHz)
- cognitive radio / frequency-agile WLAN / 100 Gb Ethernet

e SiGe for THz Sensing, Imaging, and Communications
- imaging / radar systems, diagnostics, comm (94 GHz, 100-300 GHz)

* SiGe for Analog Applications
- the emerging role of C-SiGe (npn + pnp) + data conversion (ADC limits)

e SiGe for Extreme Environment Electronics
- extreme temperatures (4K to 300C) + radiation (e.g., space systems)

e SiGe for Electronic Warfare
- extreme wideband transceivers (20 MHz — 20 GHz)
- dynamic range enhanced receivers

John D. Cressler, 6/09 15
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e SiGe for Electronic Warfare
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e Extreme Environment Electronics
 Using SiGe in a Radiation Context
 Cryogenic Operation of SiGe HBTs
* Cryogenic Operation of CMOS

e Summary

John D. Cressler, 6/09
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Extreme Environments s Joeh o o0 &

Extreme Environment Electronics:
low-T, high-T, wide-T, radiation, shock, chemical ...

e Aerospace (aircraft, satellites ...)

e Space Exploration (Moon, Mars ...)

* Automotive (on-engine electronics ...)
* Drilling (oil, geothermal ...)
* Physics Experiments

Aerospace

Drilling

Detectors for
Particle Physics

Exploration =

John D. Cressler, 6/09
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Space Exploration “iTechnoosy

Georgiansifiute A

All Represent Extreme Environments!
A Roadmap to Discovery - e pesrs (Very Wide Temperature Swings + Radiation)

Vision for Space Exploration sets the following goals that will %88 — e brcion T, Al it e i ik

help define and guide space exploration activities through 2020

and beyond, including both robotic and manned missions. il
\ First unmanned

SR > | flight of the CEV

2014

First manned

flight of the CEV

2008 2009 B ik et oy
( } v Launch of Jupiterloys &
First test flight of the Crew Robotic landing 3 ol 241 Moon Orbiter. (JIMO)

Exploration Vehicle (CEV) mission to the Moon 20m Earliest human mission

. ; Robotie mission to the Moon ;
International Space Station to Mars 2016

2005
) 2008 assembly complete International Space Station
Space Shuttle return to flight Rabotic orbiter ; 3 human researcl! complete
mission to the Moon 2010 g o H issi
e . . ..Human missions
retired ] § ; : 2020 t? i
T l 1 / Robotic missions to Jupiter's moons

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 201’! £ 2018 2020 and beyond...

P}alle'f T_g'u;l'}‘,'g;_-g (K) T_‘.ph(?) {4 (K)

Mercury | 100-700 445
Venus 740 325
Earth 288-293 277

Moon Mars Outer s 140-300 225
Planets | Jupiter 165 123

Saturn 134 90
Uranus 76 63
Neptune | 72 50
Pluto 40 44
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A Classic Extreme Environment! o Technology

The Moon: Georgiansifiute &

Rovers / Robotics_

Temperature Ranges:
= +120C to -180C (300C swings!)
= 28 day cycles

Radiation:
= 100 krad over 10 years
= single event upset (SEU)
= solar events

Many Different Circuit Needs:
= digital building blocks

analog building blocks

data conversion (ADC/DAC)
RF communications

power conditioning

actuation and control

switches

sensors / sensor interfaces

Highly Mixed-Signal Flavor!

John D. Cressler, 6/09



Remote Electronics Unit & Techrnolooy

Georgiansifiute &

The X-33 The ETDP Remote

Remote Health Electronics Unit, circa 2009
Unit, circa 1998

. REU in
connector
housing!

Analog front | Digital
end die control die

thceptual integrated REU
system-on-chip SiGe BiCMOS die

Specifications Goals

e 5 x3 x6.75" =101 in3 e 15 x1.5”x0.5”=1.1in3 (100x)
e 11kg e < 1kg(10x)

e 17 Watts e <2 Watts (10x)

e -55°C to +125°C mm) « -180°C to +125°C, rad tolerant

Supports Many Sensor Types:
Temperature, Strain, Pressure, Acceleration, Vibration, Heat Flux, Position, etc.

Use This REU as a Remote Vehicle Health Monitoring Node

John D. Cressler, 6/09 22




SiGe REU Architecture

off Technhology

Extreme Ambient

Environment

Acceleromete @
(ch amp)

Sensor|

REU in Connector

Housing

Temperature Controlled

A 4

Inputs

Thermocouple
(Low sp)

REU
Sensor
Interface
ASIC

Data

REU
Digital

Control

“Cu

ASIC

N

L
Thermocoupl
(Low sp)

REU in Connector
Housing

Georgiansifiute A

Extreme Ambient

Senso
Inputs

REU
Sensor
Interface
ASIC

Data

REU
Digital

“c

Control
ASIC

Accelerometer
(High sp)

Major Advantages:

: Environment
Environment
REU in Connector T‘:;ﬁ:;‘dzr
_ ] Housing \(Low sp)
Communications
REU EU
_ RS-| | Digital S sgnsor | |Sensor
"~ 485| | Control Intgrface | Inputs
Asic [Pata Alsic
System Thermocouple
h (Low sp)
_Boot PROM
Processor
(RAD750 or
eqUIvalent) REU in Connector N herm |
Housing \ ?Lov(\)/csopt;p €
REU EU
__RS-| | Digital [C"L sdnsor | |Sensor
_ ~485| 7| Control :D " Interface | Inputs
Solid State ASIC ala_ Asic ressure
ransducer
Data Recorder (Low sp)

* Eliminates Warm Box (size, weight, and power; allows de-centralized architecture)
* Significant Wiring Reduction (weight, reliability, simplifies testing & diagnostics)

e Commonality (easily adapted from one system to the next)

23
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Recent NASA photograph of MISSE-6 after deployment,
taken by the Space Shuttle Crew
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SiGe For Space Systems =~ Joeh o oo @&

* The Holy Grail of the Space Community
- IC technology space-qualified without additional hardening (major cost adder)
- high integration levels to support SoC / SiP (low cost)

oroton + electron belts

» TRAPPED RADIATION ZONES

Major Question:
Can SiGe Play a
Major Role in
Space?

ELECTRON BELT[AE 2)

e Total lonizing Dose (TID) — ionizing radiation
- TID is measured in “rads” (1 rad = 100 ergs per gram of energy absorbed)
- 100-1000 krad(Si) over 10 years for typical orbit (300 rad(Si) is lethal to humans!)

e Single Event Upset (SEU) — high energy heavy ions
- measure data upset cross-section (o) vs. Linear Energy Transfer (LET)
- 6 = # errors / particle fluence (ions/cm?): LET = charge deposition (pC/um)

- Goals: low cross-section + high LET threshold
John D. Cressler, 6/09 25



Radiation Effects

» lonization Damage
= charged particles + photons
= oxide charging + interface traps
= V., shifts, /5 leakage, circuit bias

» Displacement Damage
= neutral + charged particles
* vacancies + interstitials
= dopant de-activation

» Single-Event Effects

= charged particles

= collection of excess carriers

= permanent: SEL, SEB, SEGR
= t{ransient: SET, SEU, MBU

John D. Cressler, 6/09
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off Technhology

Vertical Depth (pm)

d clock (V)

uuuuu

GGGGG

&

26



= o= : Georgia hsiiuie
(Izgglolo?)tlon Experiments @f.regchm@ﬂ@@y A

* SiGe Technology Generations (Devices + Circuits!):
- 18t Generation (50 GHz HBT + 0.35 um CMOYS)
- 2"d Generation (100 GHz HBT + 180 nm CMOQOS)
- 3"d Generation (200 GHz HBT + 130 nm CMOQOS)
- 4th Generation (pre-production 300 GHz HBT)

- many different companies (npn + pnp; bulk + SOI)
e TID Radiation Sources:

- gamma ray (>100 Mrad + LDR)
- proton (1-24,000 MeV + 77K)

) x-ray — poly-Si
‘ - n+
neutron 0777777777 Z
- prompt dose (krad / nsec) ~ shallow Trench 2170 sice Z
L n 2
' ™

» Single Event Effects: |

- broad beam heavy ion m
- ion microbeam W
- laser (top-side + TPA)

John D. Cressler, 6/09 27
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Total-Dose Response

Georgiansifiute
off Technhology

=

e Multi-Mrad Total Dose Hardness (with no intentional hardening!)
- ionization + displacement damage very minimal over T; no ELDRS!
e Radiation Hardness Due to Epitaxial Base Structure (not Ge)
- thin emitter-base spacer + heavily doped extrinsic base + very thin base

—t
2

o
&

=)
&

1077

—
<
[f=]

Collector and Base Current Density (A/umz)

10—11

John D. Cressler, 6/09

Base-Emitter Voltage (V)

| | I | | | I 1 I
| Forward Mode
— 300K
| 200 GHz
i SiGe HBT
- - = = pre—tadiation
—— 7x10"%p/em?
- —— 5x10"3p/em?
| I | | | | 1 | |
0 0.2 0.4 0.6 0.8 1.0

Cutoff Frequency (GHz)

400 I LI I I 1 LN B |
i 4th -
350 5?00 —
| /D,D'D,g -

&
300 .3 € S
250 /8/ —
O pre-radiation rd 1
200 A 7x10"2plcm? 3 G’aa ]
- 0O 5)(10"3picm2 - ]
150 - ¢ 1x10"prem? ond _
100 |- ogo&’“’@ﬁgg -
50 - ) -
D -
0 1 1 L1 1 11l | 1 1 g L1l II Ib 1 1 x_'_

0.1 1.0 10

Collector Current Density (mA/um?)

63 MeV protons @ 5x10'3 p/cm? = 6.7 Mrad TID!

100
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Single Event Effects

Georgiansifiute
off Technhology

=

* Observed SEU Sensitivity in SiGe HBT Shift Registers

- low LET threshold + high saturated cross-section (bad news!)
heavy ion

10E-03 §
= ®
10E-04 —i t
Y. é Goal
10805 i A R

1.0E-06

1.0E-07

1.0E-08

. : 2
Device Cross-section {cm”©)

¢ C-12at 1.6 Ghps
W F-19at 1.6 Gbps
ASi-28 at 1.6 Gbps
AC-35at 1.6 Ghps
ONi-58 at 1.6 Ghps
®Br-79at 1.6 Ghps

200 300 400 502.0 60.0 700 80.0
LET (MeV xcm®/mg)

P. Marshall et al., IEEE TNS, 47, p. 2669, 2000

John D. Cressler, 6/09
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SEU: TCAD to Circuits G@%‘%;%ﬁﬁm@ﬁ%%%ﬁ@i&

“TCAD lon Strike”

New RHBD SiGe Latch

Emitter Current

Current (mA)
o - =) = )

Base Curren t

LET=10 Mev-cm®/mg

107" 107 107
Time (Sec)

W e

UPSETS

John D. Cressler, 6/09 SEU “Soft”



| o
SiGe RHBD Success! % |

* Reduce Tx-Tx Feedback Coupling Internal to the Latch
 Circuit Architecture Changes + Transistor Layout Changes

10_3 L LI l LI | LI LI L
® Std SR (Baseline) ¢ Dual—interlleaved SR (DI SR)
A GFC SR O Low Power DI SR
10_4 B GFC TMR » DI TMR n
T Lt
s ¢ o¢ O .
S 10° 1y/_ & o ¢ A _
— A A ®
9 @ A
c‘r}: 1076 ;0" 4 1 Data Rate = 1 Gbps —
" (7)) OO0
2 o ) (no errors!)
© 107 ;{m, P —
10—8 | | | I 1 ¢I | * | Ill% | b 1 | | | | |

0 See_ 40 B0—80 100 120
Effective LET (MeV-cm?/mg)

No SEU to LET’s of 70!
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 Cryogenic Operation of SiGe HBTs
* Cryogenic Operation of CMOS
e Summary

John D. Cressler, 6/09
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SiGe HBTs for Cryo-T s Technology

Georgiansifiute A

The Idea: Put Graded Ge Layer into the Base of a Si BJT

Primary Conseqguences:

 smaller base bandgap increases electron injection (1)
* field from graded base bandgap decreases base transit time (fo )

* base bandgap grading produces higher Early voltage (V,1T)

o
o
w
1]
i

John D. Cressler, 6/09

PsiGe e YHAE,g.(grade)/kT eAEg 6e(0)/KT
ﬂsi Vag T ] e_ﬂEg.Ge(Srdde)/ﬂ
ThSite = g E { — ﬂ [1 = e_ﬁEg.Ge(gl‘ﬂdE)/E]}
i i AEgge(grade) AE, g.(grade)
-AE, g, de)/kT
VA siGe — 0 ~ AFcelgrade)/kT | — ¢~AEgce(gra E’)/_]
Vasi |y, AE,g.(grade)/ kT

‘ All kT Factors Are Arranged to Help at Cryo-T!

33



SiGe HBTs at Cryo-T

3.0 T T T T
2.5 _AE=0.5X2.5 },l.m2 278‘/_
26.5 pA /
20 235 4A /
< 20.5 pA
E st 17.5 LA .
© 14.6 pA
— 40l 11.8 pA i
8.65 uA
5.62 pA
0.5 Force-l T
T = 300K
0-0 L L L '] '] 1 L 1
00 05 1.0 15 20 25 30 35 40 45
VcE (V)
3.0 T T T
25lAa =05x25.m*  =230C /
48 pA
20} a3
—
< 38
E 15} 33 pA -
o 28 uA
10} 22 pA -
16 pA
9.8 pA
0.5 Force-l 7
T = 43K
0-0 [l L L L L
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
VcE (V)

dc

John D. Cressler, 6/09

Cutoff Frequency (GHz)

Georgiansifiute

off Technhology

A"

ac
20F —— 223K
— 162K
— 93K
10 — 43K
— 43K

0 =4 = I-3

10 10

I 1, (A)

10°

SiGe Exhibits Very High Speed

at Very Low Power!

First Generation SiGe HBT

&
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Cryo-T Radiation o Techno ocy)

Georgiansifiute A

First 77K Proton Irradiation Experiment in SiGe Technology
- 63 MeV protons at UC Davis

e Radiation Damage Smaller at 77K Than at 300K (great news!)

1x10° _ : 100 krad
' 5AM SiGe HBT 300 K .0 biibd 1.057 l
1x10° 4 Forward Gummel O~ 1.00 M
T prn? i 0.95-
i—8— | -Prerad S = -
1X10-5é_._ |-Prerad & a 0-90'_
< 1x10'6—; l 57000 krad/'f ﬂﬁ 0857 orward Gain
-~ ? lg6 Mrad,, = 0.80-A=0.5xL.0 um’ (5AM)
o 1x107 4 (" S 1A =0.12x2.0 u?
- E 4 A_=0.12x2.0 um” (8HP)
: ‘ T 0.754\F v
1x10°- § e
«a 0.709 —a—77k
9 T .
Ix10"5 74y 0.65.] —® 300K
leO-lo- ":f T —r——T T T 0.60 —ff T ———TT T r ——T—TTT
04 05 06 07 08 09 10 11 12 Pre-rad 100 1000 10000
Total Dose (krad(Si))
VBE (\/)

no change in peak 8 at 100 krad at 77K!
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Impact of Scaling S Technology

=

e 200 GHz SiGe Technology Works VERY Well at 77K
* At 85K, f; > 250 GHz + NF_, =0.30dB (G_.. = 17 dB) at 14 GHz!

ass
Gain and Frequency Noise
4000 g1 400 5§ ——r—————————————— 25
- O AE - 0.12”".] X 10I-lm i j F Y a AE — 0.12],J.m X 1U|J.m j
3500 [ ; e = i V_=1.2V ]
1350 o S 4L 120
c 3000 [ I o o [ ' &
S | | & £ R
< 2500 | Js0 & 2 ;[ 115 &
@ [ ] L o I I %
5 2000 ——— ] & 3 2
© | 1250 § Z o[ @
@ 1500 | y 3 = I =
@ I < S L —_
o : = £ [ 2
1000 [ | 1200 @ £ 4© =
B I ":l’ E -
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X-band LNA Operation at 15 K (Not Yet Optimized!)

* T4 <20 K (noise T) 35

* NF<0.3dB a0l

e Gain >20dB :

* dc power <2 mW 257 NF = 0.3 dB!

5 9 9.5 10 10.5
Frequency (GHz)

Collaboration with S. Weinreb, Cal Tech This SiGe LNA is also Rad-Hard!
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SiGe at High-T? (200-300C) G@%‘%Q%ﬁgm@@gﬁg%@éﬁ%

e Degradation, But Plenty of Performance Left!
* Device Reliability Looks Fine
e Just in: Robust Operation @ 300C for Selected Circuits

Gain Frequency
500 I I I I I I ] I I 150 IIII 1 | IIIIIII I I IIIIIII | L
A = 0.28x4.6 ym? ¢ i " 0—0f;25C Righ-performance.
VCB=0V ”—“'~ - fmaxzsc AE 028x46|.1m
400 |- - - High-breakdown - " - | O0—0Of100C f*'Q\‘)JCB v
High-performance” ' ~ i fmax 100°C
- ‘ \ 1 N A—A ;2000
.E 'f 1 . I 100 I ] *mame(‘— i
© 300 — 4 \ — g
O ‘ . -
= - / 150°c ', . g
2 ) s
5 200 . 4 T
(&) HBE o 50
i — - mpim — — - .'I:
100 , (, \ |
0 -—7"'I 1 - 0 IIIII | IIIIIIII | IIIIIIII _ L1 111l
10712 1070 10*‘3 10'6 10-4 10-2 107 107° 1072 1071
Collector Current (A) Collector Current (A)
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* Cryogenic Operation of CMOS
e Summary

John D. Cressler, 6/09
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Sub-Threshold Behavior Se9&ia" " "/ A

* First Generation SiGe BiCMOS (0.35 um L )
e V;and Subthreshold Swing Increase with Cooling
e Output Drive Improves with Cooling

10” . . . . 107 : . p ' .
3 5 FW/L=10u/0.35u
107 ¥V/L=10u/0.35u 1 10 VSD=50mV
VDS=50mV
10-4 i 1 ‘10_4 r
10° [ 1 10° r
= 10} | 2 10°
s — 300K —
— 21K
Q10" } — 162K 8 107
- 93K —
10° | — = ] 10° |
10° } 1g°
10"} ] 10"
-1 \ \ \ . 10-11 @
043 0 05 1 15 5 > ; 05 0 05 1 15 2 25 3
Vi (V) Vg, (V)
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Output Characteristics s Technolooy

Georgiansifiute A

* Improved Current Drive With Cooling
 Modest Degradation in Output Conductance

nFET . PFET

0.01 . ; 5110
W/L=10u/0.35u
oooofF V SB=0V
Py st W/L=10u/0.35u
VSB oV

0.007F VGS= . A ,‘
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~ 0.005} Magenta--162 K | ~ 4l Magenta--162 K

a) Green--93K Q Green--93K
— ook Red--43K _U) Red--43K
V..=1.65V
sk S
0.003F
oo} [/
1t
0001} 7
O 1 1 1 L L L 0 1 1 1 1 1 1
0 05 1 15 2 25 3 0 05 1 15 2 25 3
VDS (V) Vgn (V)
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T Dependence S Tech o ooy &

* V. Increases with Cooling/ S Decreases with Cooling
* d,, Increases with Cooling / p Increases with Cooling

E 1.0 | [T ] U [ " ] ! 100 :g 6 T | T T | T | T | T 6
g’ WxL=10x1mxm 8 .
8 0.9 - . - 80 T n WxL=10x1mmxum  _|
E ) Vpg =0 mV | :é ) Vps = 50 mV 9
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D0 Ny 1% 2 Rer . G PFET 14 8
= 4 'S E O—0O i NFET
g \i 3 o N — | PFET J
g 07 \H 405 3t 43 3
o S NFET \' 2 o
5 06 - S PFET 20 o oL u _
0 00— V, NFET i — 2
i §— 1 V,PFET = .\|§D
( 05 ] | | | | | ] | | | | 0 a 1 I | I | | | | | I.R._I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Ambient Temperature (K) Ambient Temperature (K)
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Device Reliability Georgialns(iule A

* Igyg is @ Good Monitoring Parameter for HCE
After Stress, |, and g,, Decrease While V; and S Increase

x10"
6 . . .
L\JVTE 10/1 um/um A 4 10-3 ' [ J ! [ 02
Vps=33V. o/ || ~ WxL=10x1pmxum 300 K ”
3 10-4 — VDS = 50 mV E
" NFET ~
g 015
< 5 £
o O 107 5
7 0 01 o
= 5 107 - 2
2F 8 g
8
:I 107 - Stress at Vgg = 54V —{ 0 05 U|J
1 a VDS =243V ,E
a 10° ; Stress Time g
0-ws a
- - - - - ) 10 . .
% 05 1 15 2 25 3 35 10 0
Voo (V) 0 1 9 3
Gate-Source Voltage (V)
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Lifetime Extraction G@%%;%ﬁ%]@ﬁ%g%ﬁ@ih

* Both Post-Stress Ag,, and Al,5 Are Linear With Stress Time

* Extracted Lifetime are the Same for Both Ag,, and Alpg
* Max Ig,z Remains the Worst Stress Condition for Cryo-T

;\B:o‘ ; ;@ 10'
Z NFET ~ NFET
) 10 x 1 um x um g W /L=10/1um/um OO
= Stress atV, =54V, Vg =243V = T=82K o
©
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5 > g
c O e a
Q o
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N 3 5
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—
- f ' — -1 ’ L
I_1010‘ 10 = 10° 10*

—_
o

10°

" Stress Time (Sec)® ® Stress Time (Sec)
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L, T Dependence

Georgiansifiute

off Technhology

e Lifetime Decreases with Cooling at Fixed L
e Lifetime Decreases With L at Fixed T (Mitigation Path)

10" | | |
109 i 10 year lifetime
10° -
~ 7 WxL=10x1mx m
£ 10" [ stressed under max |5, condition ]
g 106 NFET Vp=3.19V
E 0—0 30K Vp=328V
0 105_0—0200K VD:S.SZV |
82K
10° - -
10° - -
102 | | |
010 015 020 025 030
11 Vpg (V)
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Damage Mechanisms G@%%;sgggjm@%g%ﬁ@ A

* Calculated E_, Values Agree Well With Literature Data
e Same Degradation Mechanism Across all the T and all L

105 = I ] rm 1T 1riri II 1 1 I Frrris
C nFET -
L W=10.0um E =4eV -
- Max |, stress condition 2 B}
L A -
S \ A _
a F A -
A | 0 1
41 -
10 E O—Q L=035um300K % ) =
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" e—eo L=1m200K ¢ 1
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103 &_ﬁIL=5Fm 5:Ul::IIKI L.l I 1 1 | L1 1L 1.l
1072 107" 10°

ISUB / IDS
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90 nm CMOS at Cryo-T SS9 |

e 90 nm Bulk CMOS (IBM)

* Improvement in Peak g,, With Cooling

* Less Improvement for Minimum L

* Device-to-Device Mismatch Worsens With Cooling
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BSIM4 Modeling (77K) G@%‘%'é%ﬁ%@@%%%ﬁ@ih

* Design Kit Models Are Only Rated From -55C to 125C
* Models AT T are MUCH Easier Than Models OVER T
* Significant Effort Needed To Develop Calibrated Models

nFET at 77K pPFET at 77K

John D. Cressler, 6/09



65nm CMOS on SOI

e 65 nm CMOS on SOI (IBM) (Uses Strain Engineering)
* Improvement in Peak g, Down to 20K
* NDR Effect Observed at Cryo-T Due to Floating-body Effects

HOR Effect at T = 20K

Georgiansifiute
off Technhology
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Summary S Tech o oy A

The Global Landscape:
 The Emerging Communications Infrastructure
- frequency bands pushing upward over time (stresses device design)
- integration of RF + digital + analog + passives increasingly important
- SiGe HBT BiCMOS is well-positioned to address this market

SiGe HBT BiCMOS Technology:

* The SiGe HBT is the First Practical Bandgap Engineered Device in Si

e Compared to Si BJTs, SiGe HBTs Offer Better:

-B+Vy+BVy+ 1 +1 ,, + 1/F+NF_.. +cryo-T performance...

e Compared to CMOS, SiGe HBTs Offer Better:
- f+/f.,/NF at fixed scaling node + matching + g, /area + 1/f noise, + ...
* Still Room for Lots of Performance Improvement (f; / f ., = 500 GHz)
e Still Lots to Learn About the Physics of These Interesting Devices

* MANY Interesting Application Possibilities and New Opportunities!

SiGe Technology is Here to Stay!
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I\Ily Gang at Georgia Tech Georgialnstituie A
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