WSG Workshop: Performance Metrics for mm-Wave Devices and Circuits from the Perspective of the International
Technology Roadmap for Semiconductors (ITRS), IEEE IMS Symposium, May 17, 2015, Phoenix

III-V HBT and (MOS) HEMT scaling

Mark Rodwell,
University of California, Santa Barbara



THz Transistors: Systems Benefit from 5-500 GHz

Transistor Power Gain, dB

500 GHz digital logic
— fiber optics

precision analog design

_"|at microwave frequencies

— high-performance receivers

Higher-Resolution
Microwave ADCs, DACs,

DDSs

T Pls e

THz amplifiers— THz radios
— imaging, communications
|

1E11

Frequency, Hz

|
1E12  3E12



mm-Wave wireless: attributes & challenges

wide bandwidths available short wavelengths-> many parallel channels
1g= ‘L'l' ‘lf “? ransmitter Arra ]
BN AT, ! - i sy o)
A I R Rl /NN gl 00
% 0.01k g 1| | l I;" 1 I D| ®ﬂ©o@q®0 - UOOODDDO
é el i | ii"‘ i\ | Q N 7 | —@ma‘@«@@ ~ UO”O
& ‘ |"]\, [ ﬁﬂf\ln I E‘jﬁ B=ND o {rd
= 1E-4) \ M'l N I‘ &I] % . | . L@@ UOOD
S 1es) | 1 ‘ | angular resolution = M \ R \
resl O-4m e array widt h 4 channelsoc (aperturearea)? /(wavelength - distance)?
Frequency, THz
Need phased arrays Need mesh networks

Object having area

wibockbeam. N
0
¢—a -7

P 2'2 —oR

N e Blockage is avoided

transmit R 2 ...high-frequency signals using beamsteering
are easily blocked. and mesh networks.

received o N

receive

transmit

...this is easier at high frequencies.



mm-Waves: high-capacity mobile communications

spatially-multiplexed mm-wave base stations \

spatially-multiplexed mm-wave base stations
ll‘ll}ll.l‘lilj;::‘:‘:UwuuumiH\HHHHIHMWH (I ‘,;,‘f””wHHHMHHW mm-wave backhaul \\UH;HJJ‘HNHJU:‘wwHQIHllHH\” mm-wave backhaul (e

or optical backhaul

60 GHz, 1 Th/s Spatially-Multiplexed Base Station

140 GHz, 10 Gb/s Adaptive Picocell Backhaul

array: 2x32
J ‘ S
4 / 50 I I =
units . 3
90, (h) by | T
10° (v)scan IIIII
individual ““ I
antennas Admm

& 1.4x12mm

Needed: phased arrays, 50-500mW power amplifiers, low-noise-figure LNAs



mm-wave imaging radar: TV-like resolution

mm-waves -» high resolution from small apertures

What you see in fog What 10GHz radar shows What you want to see

needs: ~0.2° resolution, 103-10° pixels

Large NxN phased array Frequency-scanned 1xN array
1x64 tiled o T
endfire —— 15cm~/ | - Hﬁ\@
array % ‘ ﬁﬁﬁ\
1x8 L g1
modules & 8 o g '
S - ~| 8
3 L / 3
0.36mm S
individual = / 3
8;’5;7””,33((}7)) — e - aml
x4.7mm (v) || j g. / s IR
D /A

frequency-scanned beam _7//



InP HBTs and HEMTs for PAs and LNAs

Cell phones and Higher-Performance WiFi sets:
GaAs HBT power amplifiers
GaAs PHEMT LNAs

29-34GHz: emerging bands for 5G
InP HBT PAs, InP HEMT LNAs ?

Later: 60, 71-76, 81-86, 140 GHz




Heterojunction
Bipolar Transistors




Bipolar Transistor Design W

Tb WbC
r ~T?/2D. 1:,=Q; k

T, =T./2V_, \ / /
C,=6AIT
w = AT (emitter length L, )
2
Ic,max oC Vsat'A\a (Vce,operating +Vce,punchthrough) /Tc

AT oci 1+1In i
LE_ W,

Rex — IO contact/Ab

We W C pcon ac
Rbb :psheet[ : j =

_|_
1 2 Le 6 Le ACO ntacts 8




Bipolar Transistor Design: Scaling W

Tb WbC
. ~T?/2D. 1:,=Q; k

T, =T./2V_, \ / /
C,=6A[T
w = AT (emitter length L, )
2
Ic,max oC Vsat'A\e (Vce,operating +Vce,punchthrough) /Tc

AT oci 1+1In i
LE_ W,

Ry = pcontact/ A

We W C pcon ac
Rbb :psheet[ : j =

_|_
1 2 Le 6 Le ACO ntacts 9




Scaling Laws, Scaling Roadmap

Pt/Au
Ru
: P++
b _\ spike
Pt/Au Ru
Mo
InGaAs

P+ InGaAs base

Narrow junctions.
Thin layers

High current density

HBT parameter

change

emitter & collector junction widths

decrease 4:1

current density (mA/um?)

increase 4:1

current density (mA/um)

constant

collector depletion thickness

decrease 2:1

base thickness

decrease 1.4:1

emitter & base contact resistivities

decrease 4:1

Ultra low resistivity contacts I 20 | 28

Scaling Node 64 32 16 nm
Emitter Width 64 32 16 nm
Resistivity 2 1 0.5 Q-pm?
Base Thickness 18 15 13 nm
Contact width 60 30 15 nm
Contact p 2.5 1.25 0.63 Q-pm?
Collector Width 180 90 45 nm
Thickness 53 37.5 26 nm
Current Density 36 72 140 mA/um?’
1. 1.0 1.4 2.0 THz
4.0 THz




Can we make a 2 THz SiGe Bipolar Transistor ?

InP
Simple physics clearly drives scaling emitter 64
transit times, C/I. y)
— thinner layers, higher current density
high power density — narrow junctions base 64
small junctions— low resistance contacts 95
collector 53
Key challenge: Breakdown 36
15 nm collector — very low breakdown 275
Also required: f 1000
low resistivity Ohmic contacts to Si :nax 2000
very high current densities: heat
PAs 1000
digital 480

(2:1 static divider metric)

SiGe
18
0.6

18
0.7

15
125
1.37

1000
2000

1000
480

nm width
Q-um? access p

nm contact width,
Q-um? contact p

nm thick
mA/pm?
V, breakdown

GHz
GHz

GHz
GHz

Assumes collector junction 3:1 wider than emitter.

Assumes SiGe contacts no wider than junctions

11



Energy-limited vs. field-limited breakdown

gap, collector

|

gap, base

emitter

base collector

band-band tunneling: base bandgap

impact ionization: collector bandgap .



UCSB: J. Rode et al: in review

Performance @ 130 nm Node

THz InP HBTs

1000

10
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Refractory Contacts to In(Ga)As

Baraskar et al, Journal of Applied Physics, 2013

] N-InGaAs | P-InGaAs | %o N-InAs|
I 0.1eVv I
o~ 'Gi 3 =
c 1077
T
G
2 1071 ; 3
S ] - 32nm (2.8THz)
iz : ' node
3 ’ " requirements
9:_‘ 10-82 — -7 — \ —: _— o -
g ] | e
| 4.=0.8 eV N [ 1
3 % 0.6 V— SN lg=0ev
@) ¢B
107°- 1 04ev O . L
] 0.2eV DN 1 step-barrier
] - | step-barrier ]
] steféﬁgg:]eerr | “Landauer | Landauer
10_10 T T T T T T T T T T T T T T T T T T T
10  10® 10 10" 10® 10 10° 10* 10® 10 10®° 10%

Electron Concentration, cm™

Hole Concentration, cm’

Electron Concentration, cm™

Refractory: robust under high-current operation / Low penetration depth: ~ 1 nm / Performance sufficient for 32 nm /2.8 THz node.

Why no ~2THz HBTs today ?

Problem: reproducing these base contacts in full HBT process flow

14



Refractory Blanket Base Metal Process (1)

%> %> %> %>

- Pt/Ru # %u - -

clean blanket patterned collector
base contact base junction
surface metal metal etch

Metal deposited on clean surface; no resist residue
Refractory Ru contact layer-» low penetration depth

2nm Pt reaction layer-» penetrate surface contaminants

15



Refractory Blanket Base Metal Process (2)

SiN ‘\

Ti/Au
e

Pt/Au

Ru

InGaAs
InP

P+ InGaAs base

P++
spike

Pt/Ru

25100 .

2 1070
1.5 10%°]
1 10%°]

doping, 1/cm®

510

— 2 nm doping pulse

010°1

0

5 10 15 20
depth, nm

25

10‘5E
1 P-InGaAs !

=
o
‘ [e]

H
(@)
@

32 nm node
requirement

Contact Resistivity, Q-cm?
|_\
S
N (o]

=
Q
©

step-.barrier

1 Landauer

10‘10 o R |‘ R

1018 10° 10%° 102
Hole Concentration, cm™

Increased surface doping:
reduced contact resistivity,
but increased Auger recombination.

-> Surface doping spike at most 2-5 thick.

Refractory contacts do not penetrate;
compatible with pulse doping. 16



Blanket Base Metal Process

base contact
Au

Pt-InGaAs
reaction

17



Parasitics along length of HBT emitter

Base pad & feed
increases C_,

base pad, base feed

Emitter undercut
actual junction shorter than drawn.
—> excess C_, , excess base metal resistance

emitter undercut

Base metal resistance
collector-base junction adds to Rbb

all these factors decrease f,

emitter undercut max

base mesa edge

T T T T T 7T
s S

o
collector

18



Emitter Length Effects: Decreased f,.,

Results from finite-element modeling
50 — [ — T T T |
base metal ! — 0.4 Q/] | |

sheet resistance ’4/0 Lol g GEO [
—  1Q/7

Le [nm]

On a 2 um emitter finger, effect of base metal resistance can be
comparable to adding 3 Q-um? to the base contact resistivity !

19



Reducing Emitter Length Effect

T T T T T 7T

\/

base pad, base feed

emitter undercut

collector-base junction

emitter undercut

20



Reducing Emitter Length Effects

bt '
e large

R . 0
- emitterend

@ ~ underéut
-
O
Y
()]
0
»-;mall”__ -
. ?n}'iier end
(vl
(¢

Large Base Post Undercut

J. Rode
in review
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Reducing Emitter Length Effects

before ' after
HBT64A "~ HBT64J

’ 3 LICKENAUNJYET,
Y MPESERTIELL |
o D111 ETSTTEEL
(ESISUVILY)

- Ti/A
PYTi/Pd/Au Mo Lo
e InGaAs

InP |  PYRu/Pt

InGaAs
TeTTOWET,
¢ gyllgeiy i3y
Jancuorn

InP

SR

smaller contact penetration into base
J. Rode
in review
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200nm emitter
InP HBT




200nm emitter width: High Fmax

Gain [dB]

llvlll

MAG/MSG

lllIl‘

f _=1070 GHz |

' Jmax iS high:

...even at 2.9 um emitter length

...even at 200nm emitter width

3] J. Rode
in review

Frequency [GHZ]

B Hy; -

| A.=0.2-2.9 pm?

| Nee=20V

- J. = 18 mA/um? !
WA

1 10 100 1000

24



160nm emitter width: Unmeasurable Fmax

Gain [dB]

35[

30

—_— = )
o O o O O

\]
(&)

'~ A.=0.20-2.9pm’

-_ Ae = 017'1 9 |.lm2 H21
V=19V
- Je. = 18 mA/um?

f. =510 GHz

1

10 100
Frequency [GHZ]

1000

J. Rode
in review

on HBTs with

...shorter 1.9 um emitter length
...narrower 170nm emitter width

Fmax €ANNOt be measured because of
calibration difficulties (small Y ,)

fmax Probably above 1.1THz,
but we cannot prove this.

Better fmax measurement would
require on-wafer LRL standards.

We no do not at present
have the resources to pursue this.

25



Regrowth for high B in THz HBTs ?

=+
|

i
B
.-

e— collector conttact

present

2-3THz f

max

Ti/Au base contact

/WN emitter contact
{ /~Pt/Ru base contact

P+ doping spike
InGaAs emitter cap
InP emitter

P- InGaAs base
N- InP collector

InP subcollector

T

e— collector conttact

: ~\WWN emitter contact

47

Ti/Au base contact
Pt/Ru base contact

? ~InP emitter

N- InP collector

e—InP subcollector

|
regrown

-> high Auger recombination-> low L.

i /~P+ InGaAs extrinsic base
/InGaAs emitter cap

a

P- InGaAs intrinsic base

107, TLM data,
i not HBT

Contact Resistivity, Qcm?
[y
)
1
1
1
1
1

=
o
©

| step-barrier
{1 Landauer

0 e
1018 1619 1620 1021
Hole Concentration, cm™

HBTs need ~1.5*%10%° cm3 doping under base contacts

Desire: high doping under contacts, lower doping elsewhere.

Regrowth processes enable this.

26



THz InP HBT Scaling Roadmap

130nm node: 550GHz f, 1100 GHz f,,

ax

Are the 64 nm and 32nm nodes feasible ?
Key challenge: base contacts

Recent demonstration of <2 Q—um? contacts in HBT process flow.

Longer term challenge :
decoupling doping under contacts vs. under base

Scaling Node 64 32 16 nm
Emitter Width 64 32 16 nm
Resistivity 2 1 0.5 Q-pm?
Base Thickness 18 15 13 nm
Contact width 60 30 15 nm
Contact p 2.5 1.25 0.63 Q-pm?
Collector Width 180 90 45 nm
Thickness 53 37.5 26 nm
Current Density 36 72 140 | mA/um’
f. 1.0 1.4 2.0 THz
S 2.0 2.8 4.0 THz




86 GHz InP HBT Power Amplifier UCSB/Teledyne

Gain: 20.4dB S21 Gain at 86GHz
Saturated output power: 188mW at 86GHz 3
Output Power Density: 1.96 W/mm g
PAE: 32.8% §-1U T e
Technology: 250 nm InP HBT b 20 'E},%
; ;:MM ?;U 8;0 9;0 I: 110

wmwwmmmm@wm R e
- (T R

$ -gt T
ha {,/‘f“"‘ "_p’f“ g )\
. . -‘~

1.4 mm x 0.60 mm

High W/mm, very small die R

Park et al, JSSC, Oct. 2014 http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6847236&tag=1

9 21 23
d

28



81 GHz InP HBT Power Amplifier UCSB/Teledyne

Gain: 17.4dB S21 Gain at 81GHz
Saturated output power: 470mW at 81GHz e [ —

N
(=

g 10 S211, teasured \
e A DV Som ek o fmeemeee S21 &
Output Power Density: 1.22 W/mm* <. % Sl :
L .
PAE: 23.4% £
g -10
Power/(core die area): 1020W/mm? B \/ S| ST, S
""""" r ISi:;::d
Technology: 250 nm InP HBT 75 80 85 90 95 100
= Frequency (GHz)
—— Gain, peasur 2.
25 [ oees gains':imulah:;;z\\; Lo :’_."
o = 5aIN,Measured 2. s
[ e, o A
o\o '
g 15 \J
) e !
u 4 E sz aav
o E yMeasured, 2.75V
5 sSimulated,2.75V
20 22 24 26 28
Pout (dBm)

*design error: IC should have produced P_,,=700mW, ~2 W/mm

R RCHERED High Power, very small die

Park et al, JSSC, Oct. 2014 http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6847236&tag=1 29




214 GHz InP HBT Power Amplifier

UCSB/Teledyne

Gain: 25dB S21 Gain at 220GHz

Saturated output power: 164mW at 214GHz
Output Power Density: 0.43 W/mm j
PAE: 2.4%

Technology: 250 nm InP HBT

K1)

K

25

15

215 220 225 230

235

240

245

250

255 260 265

GHz
e TR_Hi5-3_wfr19_r3c1_4C8C16C_3S_25C (S11) eme= TR_Hi5-3_wir19_r3c1_4C8C16C_3S_25C (S21)

1 5 5 R

se@er TR_HIS-3_wir19_r3c1_4C8C16C_3S_25C (S22)

parie 4C8C16C Power Sweep
f’: = 200
: s : ” 16-Cascode, 3-stage PA, Location R3C1 ]
e
Lo - P =67W 164mW
boend — 150 [ @214GHz |
btk ; - IR 164mW
o & C #ﬂ"’—" @208GHz ]
Bend — 100 - 7 12amw -
gf; g '5 B @220GHz ]
pifene o = g
:.: : O 50 || emteem Pout 220GHz (mW) —
G [ [ =—+—Pout 214GHz (mW) 1
et [ | === Pout 208GHz (mW) i
it g B l i
= = 8B :Aé" |‘ 0 UL I L I LU | LU | LI | L | LI
EEAENEEEEE 45 4 35 3 25 2 1.5 1
. Attenuator Voltage (V
(no die photo) 2.5mm x 2.1 mm ge (V)
Reed et al, 2014 CSICS http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6659187&tag=1 30




InP HBT Integrated Circuits: 600 GHz &

614 GHz
fundamental

VCO
M. Seo, TSC/UCSB

620 GHz, 20 dB gain amplifier
M Seo, TSC ] 7
IMS 2013

Not shown: 670 GHz
amplifier:

J. Hacker, TSC

IMS 2013

[ eene

204 GHz static W,
frequency divider B
(ECL master-slave
latch)

Z. Griffith, TSC E
CSIC 2010 i

el [t

Integrated
300/350GHz

Receivers:
LNA/Mixer/VCO
M. Seo TSC

220 GHz 81 GHz
180 mW 470 mW
power power
amplifier amplifier
T. Reed, UCSB H-C Park UCSB
CSICS 2013 IMS 2014

600 GHz

Integrated

Transmitter

PLL + Mixer

M. Seo TSC

340 GHz E:: |
dynamic 22
frequency
divider

M. Seo, UCSB/TSC
IMS 2010

300 GHz —
fundamental R R
PLL - —

M. Seo, TSC e requency

IMS 2011




Field-Effect
Transistors




State of the Art (IMS 2014)

Recent Progress in Scaling InP HEMT TMIC Technology to 850 GHz
W.R. Deal, K. Leong, A. Zamora, V. Radisic and X B. Mei

Northrop Grumman Corporation

E’-
] fmax~1.4 THz
20
B 451
= ]
8
g 104
= ]
5
—— omcnee 0 , 2l
- i AV x . —_ - — 1]
: —r —— m m m m
Fig. 1. A STEM image of a 30 nm InP HEMT. o = oy
Frequeancy [GHz|
1 A [N
g 5
B iR ! et L '
! eodlee e
g 5
& 10 : gty aiietiat- i
15 - : :
750 775 800 825 850 875 900 L T WU U
Freguency (GHz) ——
Fig. 7. Measured performance of 850 GHz amplifier. Magenta is 21,1 l, '. u

s11 and blue 15 522, : . :
Fig. 6. Microphotograph of 850 GHz TMIC amplifier. 33



HEMTSs: Key Device for Low Noise Figure

10 - T T T T |
B Fon ~1+2./0, (R, +R, +R)T - f

g ft=300GHz | A
0 - ft=600GHz n ‘ 2
= - ft=1200GHz ] +2g,(R.+R +R)I"| -
s 6 - 2
5 B s I'~1
© A | /
-g - i Hand-derived modified Fukui
pd — ~ Expression, fits CAD simulation

5 - Y a extremely well.

0= ——r T L]

10" 10" 10"

frequency, Hz
2:1to 4:1 increase in f_—> greatly improved noise @ 200-670 GHz.
Better range in sub-mm-wave systems; or use smaller power amps.

Critical: Also enables THz systems beyond 820 GHz

34



i DI S I / s I .
FET Design :

gate 1
C . =C..=aN e
~ ~ 090" 000
g _______ A__T-_
oxX

drain
d — s, f —
J J T A

On = Cg—c:h (V/ Lg) ﬂl‘_“

(gate widthw,) SN

well

LQWQ
[ 2¢,,, + (q°/well statedensity)

g—ch —
T /e, +T

well

([ ([ ([
\ \ \

' (voltage division ratio betweenjll2 1
oC

the above three capacitors | Jtransportmass

Peontac
Rps = L, (W, ve) R. =Ry = 1 \;Vt
SID" "¢
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FET Design: Scaling
Coy =Cyr = W, I T

gd — ~gs,f —

On :Cg—ch (V/ Lg)

(Gate widthw, ) . To———=

LQWQ
+ (q°/well statedensity)

N TT Yo 4T, 126

well well

([ ([ ([
\ \ \

' (voltage division ratio betweenjll2 1
oC

the above three capacitors | Jtransportmass

Peontac
Rps = L, (W, ve) R. =Ry = 1 \;Vt
SID" "¢
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FET Design: Scaling

‘4— LS/D—> - L& > | € L

21 |C = W, 21 —

gd— gs, f —

/ﬂ
i

(gate widthw,

Conét:t_ Cg o (V/L )le -

2 1 l 21 ‘l' |_gWg l, 2:1
“o-on = T &, +T /26, +(q*/well statedensity)
2:1 l, ( 2:1 l ( ( 2:1 T
- voltage division ratio betweenjll2 | 1
wonstant  tNE ADOVE three capacitors

constant

Jtransportmass

constant

constant

DS ~ L /(VV Vg) R R IOCOI’I'[aCt 411’
21i ‘l' 2:1 onstant 2:1 LS/Dng, 2:1
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Field-Effect Transistor Scaling Laws

gate
InAlAs
barrier

source drain

channel
barrier

S D
Bl c N
N+ I N+
channel

barrier
vertical S/D spacer

== [ow-K dielectric spacer
high-K gate dielectric

FET parameter change

gate length decrease 2:1
current density (mA/um), g,, (mS/um) | increase 2:1
transport effective mass constant
channel 2DEG electron density increase 2:1
gate-channel capacitance density increase 2:1

dielectric equivalent thickness

decrease 2:1

channel thickness

decrease 2:1

channel density of states

increase 2:1

source & drain contact resistivities

decrease 4:1

fringing capacitance does not scale — linewidths scale as (1/bandwidth )

38




Field-Effect Transistors No Longer Scale Properly

FET parameter change

gate length decrease 2:1
-~ LS/D > | < Lg > | < LS/D > - -

i current density (mA/um), g,, (mS/um) | increase 2:1

gate 1 transport effective mass constant
Wo%oo v T—w channel 2DEG electron density increase 2:1

oYo YO
"""" £ ate-channel capacitance densit increase 2:1
S 4 g P Yy

dielectric equivalent thickness

decrease 2:1

channel thickness

decrease 2:1

channel density of states

increase 2:1

source & drain contact resistivities

decrease 4:1

Gate dielectric can't be much further scaled.
Not in CMOS VLSI, not in mm-wave HEMTs

g./W, (mS/um) hard to increase-> C,, ./ 9., prevents f_scaling.

Shorter gate lengths degrade electrostatics-» reduced g,, /G,
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Scaling roadmap for InP HEMTs

InAlAs
barrier
[ — I—
channel
barrier
ALD lateral
Zr0, drain
offset
optional
InP N+ S/D
barrier regrowth
Mo \ P ;
InAs channel
barrier

gate length 36 18 9 nm
EOT 0.8 0.4 0.2 nm
well thickness 5.6 2.8 1.4 nm
effectivemass | 0.05 | 0.08 | 0.08 | times myg
# bands | 1 1 --
S/D resistivity | 150 74 37 Q-um
extrinisic g 2.5 4.2 6.4 mS/um
on-current 0.55 0.8 1.1 mA/um
f. 0.70 1.2 2.0 THz
Lo 0.81 1.4 2.7 THz

40




Why THz HEMTs no longer scale; how to fix this

ALD
InAIAS InAIAS Zr0, B
barrier barrier offset
optional
N+ S/D InP N+ S/D
regrowth barrier regrowth
Mo
[— == s S \ i ;
channel channel InAs channel
barrier barrier barrier

HEMTSs: gate barrier also lies under S/D contacts = high S/D access resistance
S/D regrowth-> no barriers under contacts-> low Ry /,-> higher f, ., lower F_;

ax?
As gate length is scaled, gate barrier must be thinned for high g _, low G,

HEMTs: High gate leakage when gate barrier is thinned-> cannot thin barrier
ALD high-K gate dielectrics ultra-thin-> improved g, G, , increased (f_f__.)

Solutions to key HEMT scaling challenges have been developed
during the development of 1lI-V MOS for VLSI.

41



Lee et al, 2014 VLSI Symposium

) &
- SoRS ; : W
RN e L HE 5% :~‘:l - e S

. & Gate metal (NilAu)

High-k(ALO,N,/Zr0,)
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UCSB's Record VLSI-Optimized MOSFET @ 25nm L.
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= ~2.4 mS/um Peak g, at V,s=0.5V
= ~300 Ohm-pum on-resistance at V;=0.7 V

= 77 mV/dec Subthreshold Swing at V,5=0.5V,
76 mV/V DIBL at 1 pA/um

= 0.5 mA/pym |, atl =100 nA/pum and V,,=0.5 V
= 61 mV/dec subthreshold swing @1 um L,

Lee et al, 2014 VLSI Symposium
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High Transconductance III-V MOSFETSs

Lee et al, EDL, June 2014
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High g, with low G, is critical for THz FETs

Here:
18nm gate length, 5nm InAs channel - 3mS/umg_.

These FETs have large access resistance from non-self-aligned contacts;
so g, can be readily increased.

Future: shorter gates, thinner channels, better dielectrics better contacts
-> higher g,
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THz III-V MOS: Not the same as VLSI III-V MOS

Pt/Au
ALD lateral
Zr0, drain barrier Ic?rﬁLaI
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barrier barrier barrier barrier
UTB Si MOS UTB IlII-V MOS -V THz -V THz HEMT
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I1I-V MOS has a reasonable chance of use in VLSI at the 7nm node
These will *not* be THz devices

The real mm-wave / VLSI distinction:

Device geometry optimized for high-frequency gain (THz)

vs. optimized for small footprint & high DC on/off ratio (VLSI).
mm-wave / THz devices:

minimize overlap capacitances, drain offset for low C.;, & G,
thicker channels optimized for g_, T-gates for low resistance 45



Prospects for Higher-Bandwidth CMOS VLSI

Recall: end capacitances
Gate-dielectric can't scale much further.

That stops g, (mS/um) from increasing. S D
(end capacitance)/g,, limits achievable f. .

Also:
Given fixed dielectric EOT,

G, degrades with scaling. channel
barrier

FinFETs have better electrostatics,
hence better g, /G,....
But in present technologies the end capacitances are worse.

And W via resistances reduce the gain
Inac et al, CSICS 2011 (45nm SOI CMOS)

50

J: 0.3 mAum |

N
(¢ )

ft/ fmax: 4
200 GHz 1

1 10 100 1000
Frequency (GHz)

MAG

MAG, U, h,, (dB)

o
™

46



InP Field-Effect-Transistor Scaling Roadmap

2-3 THz InP HEMTs are Feasible.

2 THz FETs realized by:

Ultra low resistivity source/drain
High operating current densities
Very thin barriers & dielectrics

Gates scaled to 9 nm junctions

Impact:

Sensitive, low-noise receivers
from 100-1000 GHz.

3 dB less noise -
need 3 dB less transmit power.

ALD
HfO,

InP
barrier

Mo
T

Pt/Au

<>

’— lateral

drain
offset

N+ S/D
regrowth

InAs channel
AlAsSb confinement

or

Pt/Au
AlAsSb

2 lateral
barrier

drain
offset

InP N+ S/D

cap regrowth
R

InAs channel
AlAsSb confinement

MOSFET high-barrier HEMT
cate length | 36 | 18 || 9 nm
EOT 08 | 04 |02 nm
well thickness | 5.6 28 | |14 nm
effective mass | 0.05 | 0.08 @.08 times mg
# bands | 1 \ 1 --
S/D resistivity | 150 | 74 | B7 Q-pm
extrinisic g 2.5 4.2 3%.4 mS/um
on-current 055 | 0.8 l\.l mA/um
1 0.70 | 12 | 20 THz
1 081 | 14 | 217 THz
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Conclusions



Roadmap for High-Frequency Transistors

Beware of physics-free roadmaps
20% improvement /year extrapolations are meaningless.
Real transistors are approaching scaling limits.
VLSI transistors are optimized for density & digital, not RF.
Lower standby power processes are slower RF processes.

Bandwidths of Si CMOS VLSI have leveled off.

There is market for application-specific high-frequency transistors.
LNAs, PAs, front-ends generally.
Just like cell phones today.

InP HBTs & HBTs have perhaps 2-3 scaling generations left.
Doubling of bandwidth, perhaps a little more.
Process technology development is getting quite hard.
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