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TeraHertz and nanoMeter Electron Devices

How do we make very fast electron devices ?
...by scaling

What are the limits to scaling ?
attainable contact resistivities,
attainable thermal resistivities
attainable contact stabilities 
and for FETs  attainable capacitance densitiesand for FETs, attainable capacitance densities

How  do we make long-term progress ?
work on interfaces (contacts and gate dielectrics) ! work on interfaces (contacts and gate dielectrics) ! 



THz InP Transistors: Opportunities

InP HBT: THz bandwidths  good breakdown  analog precision InP HBT: THz bandwidths, good breakdown, analog precision 
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We will make THzWe will make THz 
transistors ...

... by scaling



Frequency Limits
and Scaling Laws 
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InP Bipolar Transistors



Bipolar Transistor Scaling Laws Bipolar Transistor Design
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emitter junction width decrease 4:1
collector junction width decrease 4:1
emitter contact resistance decrease 4:1
current density increase 4:1
base contact resistivity decrease 4:1

Linewidths scale as the inverse square of bandwidth because thermal constraints dominate.



Status of Bipolar Transistors : September 2007
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What Matters Regarding Transistor Performance ?
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thermal resistance, 
high-current breakdown
reduced electron velocity at high voltagesex c bb c

τf  
reduced electron velocity at high voltages
high-temperature operation (~75 C) ?

Goal is >1 THz fτ and fmax
<50 fs  CΔV / I  charging delays  
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Breakdown Voltage Scaling: Expect 2.4 V  @ 1 THz fτ
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256 nm Generation
InP DHBT 8
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InP Bipolar Transistor  Scaling Roadmap

emitter 512 256 128 64 32 nm width

industry university
→industry

university
2007-8

appears
feasible

maybe

emitter 512 256 128 64 32 nm width
16 8 4 2 1 Ω⋅μm2 access ρ

base 300 175 120 60 30 nm contact width, base 300 175 120 60 30 nm contact width, 
20 10 5 2.5 1.25 Ω⋅μm2 contact ρ

collector 150 106 75 53 37.5 nm thick, 
4.5 9 18 36 72  mA/μm2 current density
4.9 4 3.3 2.75 2-2.5 V, breakdown

fτ 370 520 730 1000 1400 GHz
fmax 490 850 1300 2000 2800 GHz

power amplifiers 245 430 660 1000 1400 GHz 
digital 2:1 divider 150 240 330 480 660 GHzdigital 2:1 divider 150 240 330 480 660 GHz



512 nm InP DHBT

500 nm mesa HBT  150 GHz M/S latches  175 GHz amplifiers

Laboratory
TechnologyTechnology

UCSB UCSB / Teledyne / GCS

DDS IC: 4500 HBTs 40 GHz op-amps

UCSB UCSB / Teledyne / GCS

500 nm sidewall HBT  
Production

( Teledyne ) 

Teledyne / BAE Teledyne / UCSB Teledyne

( Teledyne ) 

Z. Griffith

fτ = 405 GHz
fmax = 392 GHz
Vbr, ceo = 4 V

20 GHz clock
50 dBm OIP3 @ 2 GHz
with 1 W dissipation

M. Urteaga
P. Rowell
D. Pierson
B. Brar
V. Paidi



Let's make Audio Power Amplifiers . . . in the GHz  !
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10 MHz transistors→ 1.5 MHz loop → 36 dB feedback @ 20 kHz → 0.02% distortion

What if we used  modern InP transistors ?  
350 GHz transistors→ 50 GHz loop → 26 dB feedback @ 2.5 GHz 

 very low distortion for 2 GHz (cell phone band etc) amplifiers ?→ very low distortion for 2 GHz (cell phone band etc) amplifiers ?

THz transistors → precision analog design at RF & microwave 



mm-wave Op-Amps for Linear Microwave Amplification

Reduce distortion with
DARPA / UCSB / Teledyne FLARE: Griffith & Urteaga 

linear response

Reduce distortion with
strong negative feedback
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300 GHz / 4 V InP HBT 

input power, dBm

measured 40 GHz bandwidthmeasured 40 GHz bandwidth 
measured 50 dBm OIP3 @ 2 GHz

new designs in fabrication
simulated 56 dBm OIP3 @ 2 GHz



HBTs:HBTs: 
128 nm Generation128 nm Generation



Sputter / Dry-Etch Emitter Process for 128 nm E. Lind 

SiO2

Cr
SF6/Ar ICP Cl2/N2 ICPSiNx sidewall

Wet Etch
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BHF

a b c d e

SiO2

TiW

Ti
InGaAs n++

InGaAs p++ Base

InP n

Ti

InGaAs p++ Base InGaAs p++ Base InGaAs p++ Base InGaAs p++ Base

InP n
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Contact metal is sp ttered & dr etchedContact metal is sputtered & dry-etched
Contact metal is refractory
Emitter semiconductor is (mostly) dry-etched



Improvements in Emitter Access Resistance

125  ti  i  5 Ω 2  itt  i ti iti   

U. Singisetti
A. Crook
S. Bank
E. Lind 

125 nm generation requires 5 Ω - μm2  emitter resistivities  
65 nm generation requires 1-2 Ω - μm2  

Recent Results (ONR contacts program)
ErAs/Mb MBE in-situ 1.5 Ω - μm2  

Mb MBE in-situ 0.6 Ω - μm2  Mb MBE in situ 0.6 Ω μm
TiPdAu ex-situ 0.5 Ω - μm2  

TiW ex-situ 0.7 Ω - μm2       

Degeneracy contributes 1 Ω - μm2
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128 nm InP HBT:  Technology Development E. Lind 

New Emitter Process for 128 and 64 nm junctions
dry etched metal
dry etched junction

f t  W  M  t t  t bl  t  hi h Jrefractory W or Mo contact→ stable at very high Je
< 0.8 Ω-μm2 contact resistivity

0.5 New  thin 12 nm base collector grade:
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128 nm HBTs in development
Z. Griffith

True scaled 
technology:
Thinned epi
reduced access 
resistance

I G A b

InP emitter 
~20nm undercut

InGaAs base



Should we add a launcher in the B-C Junction ???
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Comparison to SiGe



1st - Order Design of a 1 THz SiGe Bipolar Transistor

itt 18  idthCalculated from emitter 18 nm width
1.2 Ω⋅μm2 access ρ

base 56 nm contact width  

Calculated from
simple BJT model,
& simple scaling laws.

Parameters look scary: base 56 nm contact width, 
1.4 Ω⋅μm2 contact ρ

collector 15 nm thick 

Parameters look scary:
contact resistance is off ITRS roadmap
thin collector→ very high tunneling currents
Is there an alternative ? collector 15 nm thick 

125 mA/μm2 current density
??? V, breakdown

Is there an alternative ?

Collector thickness determined by:
supposedly: smaller transit time;
actually: smaller C /I ratio fτ 1000 GHz

fmax 2000 GHz
actually: smaller Ccb/Ic ratio.
current density also determined by Ccb/Ic .

Emitter width determined by mA/μm, heating.
PAs 1000 GHz 
digital 480 GHz
(2:1 static divider metric)

Contact resistivity determined by
emitter: low I*R drops given high J
base: desired fmax

Assumes collector junction 3:1 wider than emitter.
Assumes contacts 2:1 wider than junctions

base: desired fmax

Eliminating excess collector area 
would greatly ease all these considerations



Field-Effect TransistorsField-Effect Transistors



Simple FET Scaling
Goal double transistor bandwidth when used in any circuit

→ reduce 2:1 all capacitances and all transport delays
→ keep constant all resistances, voltages, currents 

All lengths, widths, 
thicknesses reduced 2:1

S/D contact resistivity reduced 4:1 S/D contact resistivity reduced 4:1 

TLWC / oxgggs TLWC /~ ε

ggdfgs WCC ε~~,

subcgdbsb TLWCC /~~ ε

If  Tox cannot scale with gate length, 
Cparasitic / Cgs increases,   
gm / Wg does not increase
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If  Tox cannot scale with gate length, 
Gds/gm increases



Well-Known: Si FETs no longer Scale Well

EOT i  t  li   1/LEOT is not  scaling as 1/Lg

(ITRS roadmap copied from Larry Larson's files)

High-K gate dielectrics: significant SiO2 interlayer→ limits gate capacitance density

It is also hard to reduce access resistance by the amount neededIt is also hard to reduce access resistance by the amount needed

Because gate oxide scales badly,  modern MOSFETs scale badly
output resistance drops, voltage gain drops
gate capacitance does decrease, but other capacitances don't !

... which hurts high-frequency performance



Why consider III-V  (InGaAs/InP) CMOS ?

Low access resistance: 1 Ω m2 10 Ω mLow access resistance: 1 Ω-μm2 ,  10 Ω-μm
Light electron→ high electron velocity

→ increased Id / Wg at  a given oxide thickness (?) 
→ decreased Cgs /gm at a given gate length

Ch ll C Cd

gs gm g g g

Challenge:
Low density of states

Cox Cdos

3.4 μF/cm2

@ 1 nm EOT
~3 μF/cm2

ballistic case2

*2mqCdos =

limits  ns to ~ 6*1012 /cm2

limits Id / Wg
limits gm /Wg

@ 1 nm EOT ballistic case2hπdos

Challenge:
filling of low-mobility

Challenge:
light electron limits vertical scalingg y

satellite valleys

limits n to ~ 8*1012 /cm2

g g
~1.5-2.5 nm minimum 

mean electron depth 

limits  ns to ~ 8 1012 /cm2

limits Id / Wg



SRC III-V CMOS Center :  What we might accomplish

7

Drive current simulation- ideal (ballistic) assumptions
Taur &  Asbeck Groups, UCSD; Fischetti Group: U-Mass: IEDM2007
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III-V FET Scaling Limits: Implications for  HEMTs

Limited density of states limits sheet charge
 Schottky barrier leakage→ Schottky barrier leakage

→ limits drive current,  places lower limit on CparasiticΔV/I
Well energy limits vertical scaling

 poor output conductance for < 35 nm gate length  degraded f→ poor output conductance for < 35 nm gate length → degraded fmax

High access resistance in standard HEMT structure



ConclusionsConclusions...



On the Feasibility of Few-THz Bipolar Transistors

Scaling limits: contact resistivities, device and IC thermal resistances.
InP Bipolar Transistors

62  (1 TH  f  1 5 TH  f ) li  ti  i  f ibl62 nm (1 THz fτ , 1.5 THz fmax ) scaling generation is feasible.
700 GHz amplifiers, 450 GHz digital logic

Is the 32 nm (1 THz amplifiers) generation feasible ?Is the 32 nm (1 THz amplifiers) generation feasible ?

SiGe Bipolar TransistorsSiGe Bipolar Transistors
Sophisticated device structure → harder to project further progress
Contact + access resistivies & thermal resistivities are key scaling limitsContact + access resistivies & thermal resistivities are key scaling limits



(end)


