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Transistors for 100-300GHz wireless

Wireless networks: exploding demand.

Immediate industry response: 5G.
~6~100GHz
increased spectrum, extensive beamforming

Next generation: 100-300GHz (???)

greatly increased spectrum, massive spatial multiplexing

— Services

100-300GHz carriers, massive spatial multiplexing

- Terabit hubs and backhaul links, high-resolution imaging radar

spaﬂally—multiplexed mm-wave base stations
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140GHz, 160 Gb/s MIMO network hub

~80 meters_—g"""

~ 7. mm-wave
mm-wave — 7 endpoint
backhaul 9 = 2, Pole- or wall- mounted
QR ‘ 7 @ multibeam picocell
T 1x 32 MIMO array
“",;‘ . %, » @ adjacent packages tile into large array
), (%) ® linear antenna array PAs
T R Eaa—
@ ' \\t*b o\ l . 8 E -—I—I—.—I—I—-—rlﬁ
' ~ array elemen o - E =aujlee- i -
[ ) l @ ’Sé |~ %
¢ @ Al § E -+-—l—-+-—f@
3 PCB ﬁr-—l--l--—- lﬂ PCB
= 2.4, 2 e = ]

108UL02 8Bpe §0d

ifu / v =
@ \ L - I li 1T
) / ] module metal carrier

i’:‘:]

//// gpﬂ;ﬁ l array mounting surface & heatsink
aCcknau

Hub with 32-element array (four 1X8 modules): Handset:
16 users/array. F=8dB LNAs, P, ;=21 dBm PAs ?9298;;:?\’

10 Gb/s/beam—> 160 Gb/s total capacity
40 m range in 50mm/hr rain with 17dB total margins



8-channel 140GHz MIMO hub modules

A. Farid et. al, in review
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Kyocera LTCC carrier
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110mW power amplifier
Teledyne 250nm InP HBT
20.8% PAE

Transmitter IC
GlobalFoundries 22nm SOI CMOS




210 GHz, 640 Gb/s MIMO backhaul

L
=l , 7 \
on | .4 e
= | S i ]
B | e ..
o | S - 4
21X L =
g | g
o138 || Py v
|0 B
2ls &Py 7 4x4
B o= = > subarray
S = )z 7
L . 7 \
O L &
- > MIMO
= £ array
Q o o
+ ~ propagation

range

8-element MIMO array

3.1 m baseline for 500 meters range.
80Gb/s/subarray—> 640Gb/s total

4 x 4 sub-arrays - 8 degree beamsteering

printed circuit board

wiring | Si mm-wave IC

to

backplane . 1V power
Voo . amplifiers

metal |

carrier |

Z =
< S
; /4/§
\\ Vivaldi antenna array

on thin, low-gr substrate

Key link parameters
500 meters range in 50 mm/hr rain; 23 dB/km
20 dB total margins:

packaging loss, obstruction, operating, design, aging

LNAs: 6dB noise figure
PAs: 18dBm =P, (per element)



210 GHz transmitter and receiver ICs

210GHz transmitter: 20GHz bandwidth, 15.5-16.5dBm power  210GHz receiver: 20GHz bandwidth, 7.7-9.5dB noise figure

0o LO/N
LR x8 or x16 > >
900 Ll
l* Q Y
It rqQ

280GHz transmitter: 17dBm power (simulated) 280GHz receiver: 11dB noise figure, 40GHz bandwidth (sim.)
Solyu, Alz, Ahmed, Seo; UCSB/Sungkyunkwan; Teledyne 250nm InP HBT




100-300GHz wireless: transistor requirements

AMAAMAAAAAAAR

Tra nsmitters nEEdZ bas_ei?qn(_j processor
high power-added efficiency PAE = (P, — Pis,)/Ppc T, ] B OS>
. . H H S Q_‘*g ” x| . ;r@lcos
high added power density (P, -P.,)/(gate width, emitter length) LS Bl o
S 3 § : front-end  ®
5 ) '
Receivers need: S 3 —|-&
. . 2 ﬁ :7T7 7 7_77; sin cos
low cascaded noise F.,. = F+(F —-1)/G+(F—-1)/G* + -
b b b ) _@a;gbgtr:aj processor
2 _451@—6_}|<}
H S Q= g-‘-« sin
Need reasonable gain/stage. S N i
die area, power, D 5‘ [> S ﬁ S |§ ]| b grontend
accumulated gain compression i — " SR F <1§'q?)?—1<}
power power S . : cos sin

MALANAAAR

(gain in PAs, LNAs is less than MAG/MSG, U, ...)



Transistors for 100-300GHz

CMOS: good power & noise up to “150GHz. Not much beyond.

65-32nm nodes are best.

InP HBT: record 100-300GHz PAs

SiGe HBT: outperforms CMQOS above 200GHz

GaN HEMT: record power below 100GHz. Bandwidth improving

InGaAs-channel HEMT: world's best low-noise amplifiers

Power

30 1 1 1 1 I 1 1 1 1 I I
B NP HBT [
<) . Si MOSFET
s 297 SiGe HBT [
= - ‘ InGaAs FET |
o : B
§ 20 7 . —
S
g oo o3 °
§e]
D J
T 154 ® 9 -
2 i
((-/)s . *results with low PAE at high Psat or .

] low Psat with high PAE are not shown
10 1 T 1 1 I 1 1 1 1 I 1 1 T T I 1 T 1 1
100 150 200 250 300

Results compiled 8/1/2021 Frequency (GHz)

Receiver or LNA Noise Figure (dB)

Power Added Efficiency (%)

Noise
1 1 1 1 1 ] ] |
1@ nPHBT
161@ SiMOSFET » -
1@ SiGe HBT -
1¥390 InGaas FET 5
12 ] [
: ® ®
10- O -
5] O 3
: ® ® :
6 Q __
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o Frequency (GHz)
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) InPHBT |
20 ® Si MOSFET [
. o SiGe HBT [
5] InGaAs FET :
| © 0® o 5
10+ -
] o
5 ' o
] ® ® ®
0 | ] I I I‘I 1 I T 1
100 150 200 250 300
Frequency (GHz)



Where the IC designer can't help us.

mm-wave transistor gain is low: gain-boosting is common
Common-source vs. common-gate.
Capacitive neutralization. Controlled positive feedback sngscuins, .. tectronics, 1966)

Such circuits don't improve the parameters that matter the most.
The circuit* doesn't change the transistor minimum cascaded noise figure. g e, oroc. e, 1959

The circuit* doesn't change the transistor maximum efficiency vs. added power curve.

A

3

—  H N <

in out Qs

°— lossless & passive [° f
I

Frase =F +(F—1)/G + (F—1)/G? + - 3

*If lossless, and given the correct source and load impedances. added ROWEr = (POUT-Pi”)
10



Current density, finger pitch limit cell output power

base gate

(=]

Electrode RC charging time oc (finger length)?

Maximum finger length o 1/\/frequency

J
J,J,J,‘I\L w1z =l
2ty L R IR R

base metal resistance
aikia il ol il ke
gate metal resistance

X X XK X

Current per finger o 1/,/frequency

° I LT T[T T 1

| @ ¥ X W

o ] o,
{ emitter X drain
collector I source

Maximum cell width o 1/frequency

Maximum number fingers oc 1/frequency
ch//

Maximum current per cell oc 1/frequency®?

FET Bipolar

Maximum RF power per cell oc (maximum load resistance) - (maximum current)2 oc 1/(frequency)3'\

Compare to Johnson F.O.M.: maximum power per cell oc (maximum voltage)z/(minimum load resistance) oc 1/(frequency)2 A



Current density, finger pitch limit cell output power

K. Shinohara, Teledyne: GaN HEMT thermal analysis

5002 GaN PA cell @ 140GHz (1.6W)

25VSWIng’ 167mA/Mm’ ® 2 ® 8 m@ B ®

gates: 30 um width, 15 um pitch & : : Lumie o a
o R B B B B ® B R @ B B R B B B B R ®
o

7
135 um=0.16*Ag @ 140GHz

50Q2 InP HBT PA cell @ 280GHz (40mW) E t fifth P
4V swing, 3.3mA/um, n i
emitters: 6 um length, 6 um pitch 17 um:0.02/3*7xg @ 280GHz £, =2.7; 6, ;2.2

High V,, low I, ? Device sized to drive 50Q2 might approach A,/4 width.
Small finger pitch is critical; limited by thermal design

12



Current density, finger pitch limit power combining

More cells: more output power

0.5

Insertion loss, dB

-15

Number of cells limited by combining losses.

Losses mostly limited by size.

Can 50(2 cell fit in A,/8 (120 um) pitch ?
—8:1 combining with 0.4dB loss @200GHz

Can 50Q2 cell fit in A.,/24 (40 pum) pitch ?
—16:1 combining with 0.5dB loss @200GHz

0.5

L 1 1
1 200GHz, 6 microns BCB, 2.7E7 S/m conductivity

O_

-1 - Wilkinson binary tree combiner

] single quarter-wave section;?»g/lZ cell pitch

] single quarter-wave section;?»q/24 cell pitch

| |
1 2 4 8 16
Power combining ratio

200GHz InP HBT PA: 80 um cell pitch

16:1

9/12

13



mm-Wave Transistor Development

B GaN
® GaAs
® InP

s‘"'

l. u
Ye W
<*

1000 <

InGaN and GaN HEMTs: ™
Leading power technology to ~110GHz 100
Efforts to extend this to 140, 220GHz. s ]
e 10-5
0.1:
1

THz InP HBTSs:
State‘Of‘art: 1.1THZ fmax @ 130nm nOde (Teledyne: Urteaga, DRC 2011)

Efficient 100-650GHz power

Rode , IEEE TED 2015

MAG/MSG

fo = 1070 GHz |

15} Ha1

| A:=0.2-2.9 pm?
V=20V
5+ J.= 18 mA/um?

Gain [dB]

Ly k=Rt
1 10 100
Frequency [GHz]

1000

10 100
Frequency (GHz)

THz InP HEMTs:

State-of-art: 1.5THz f
Sensitive 100-650GHz

max

Foot gate
ng;:!g:d = AiGaN cap and GaN Cap enhances access|
SiN reduce gate region conductivity and

leakage reduces dispersion

5 nm MOCVD SiN
: = £l
egro V GaN Cap / Regr(rr‘v:n
AlGaN Cap

GaN Channel 2EC

MBE regrow nn*
directly contacts
GaN Channel

\

AlGaN Backbarrier

~

GaN Buffer
1

T sosmree

AlGaN backbarrier
provides charge and
channel
confinement

SiC substrate

reduces thermal
effects

N-polar GaN: Mishra, UCSB

@ 32nm node es:x mei
low-noise amplifiers

EDL 2015)

high-K gate dielectric *might™ permit further scaling.

N+ source
gate barrier

5

InAlAs
N+ drain

.¢

channel
barrier

40,

gate dielectric

high-K

20 4
Vps=0.70V 8

wt V=030V
Ips= 0.793 mA/um
S e (;o" 10!

Frequency (GHz)

100

14



Transistor scaling laws: ( V,I,R,C,T ) vs. geometry

Depletion Layers Bulk and Fringing Capacitances 1) FETfringing capacitances
2) ICinterconnect capacitances

Contact

Resistances

area=A \
4
flnglng flnglng
r]
< L D>
Thermal Resistance

P

L
TtranSIStor In( )
R pcontact 721<th L W

w’

L o
/ area=4 Available quantum states to carry current
< — =n/l ) | '
> B F ‘f A
7 A\

contact terms
dominate

Imax _ 4‘5Vsat appl+¢)
A T?

transconductance
contact resistance 15



Degenerate State Density (Ballistic) Limits

Fermi Energy

Charge = j

Band edge

‘|E ‘] oC mllz(Ef o Ewell)?,/2 oC (Vgs _Vth)3/2
nOt (/ucox / Lg)(\/gs _Vth)2
"pallistic limit"

_K Joem*(E; - Ec)2 oc M* (Vi -9)°
not ~exp(qV,, / KT)

Energy (1)

q-n(E)dE Current :_[

n.op
0.5k

1.0k

Fermi Energy

Band edge

Bbeadoce

f

- |
well t
B gprs—a

Contacts

Position (nm)

q-v(E)-n(E)dE

//L Psheet = Coos (Vgs _Vth) o m*(Ef o Ewell)

"'state density capacitance"

16



Bipolar Transistor Design: Scaling

2
T, = 1y /2 D,
r.=T./2v
C., =&A.IT,
Ic,max o Vsat'A\e (Vce,operating +Vce,punchthroug

AT oci 1+1In i
L. W

e

Rex = Peontact P

Rbb:psheet We +Wbc _|_pcontact
1 2 Le 6 Le Aco ntacts

AN

(emitter lengt

d

-

L

17



Bipolar Transistor Scaling Laws

Pt/Au
e to double the bandwidth: change
NNy w emitter & collector junction widths decrease 4:1
Pt/Au T Ti/Ru ] )
nGaasl \ current density (mA/pm?) increase 4:1
T current density (mA/um) constant
N- InP collector
. collector depletion thickness decrease 2:1
Narrow junctions. base thickness decrease 1.4:1
emitter & base contact resistivities decrease 4:1

Thin layers
High current density

Ultra low resistivity contacts



Refractory Ohmic Contacts to In(Ga)As

. Baraskar et al, Journal of Applied Physics, 2013
10_ ] I — HHH: ] ‘ T\ ‘ o - HHH: E ‘ ‘ H;HH ‘ . — HHHE
| N-InGaAs P-InGaAs - %05 N-InAs|
I ] I 0.1eV |
10°- S - 3
®
107 S - 3

;_32 nm (2.8THz) node
- requirements

do
L. | Ll
|

1077

1 ¢.=0 eV

Contact Resistivity, Q—cm?

//‘}} /I |
$
s

] 0:2 eV ‘ § step-barrier

] OeV — ] _ : i ]

| step-barrier ] StLangglrJreI?r f | Landauer
Landauer

-10 L R T T T T T T T T TTTT T T T T TrTrrg L B R R LI R B N B A T T T T T T L L L
10 10 10 10 10%%10® 10 10 10%*10® 10° 10®°  10*

. - . - . -3
Electron Concentration, cm™> Hole Concentration, cm™  Electron Concentration, cm

Refractory: robust under high-current operation / Low penetration depth: ¥~ 1 nm

Why no ~2THz HBTs today? Problem: reproducing these base contacts in full HBT process flow



InP HBTs: 1.07 THz @200nm, ?? @ 130nm

Rode , IEEE TED,

base contact

Pt-InGaAs
reaction
emitter 100 1000
Frequency [GHZz]
_ et e 2.7nm
‘ ol
17nm base 14.1nm
setback c | A-02020um N |
gra de 33;01- _197 v1 Qum? Ha\
Jo = 18 mA/um?
10 nm f. =510 GHz
— collector 10 100 1000

Frequency [GHZ]

Rode et al., IEEE TED, Aug. 2015



THz Transistor Measurements

T

Simple pads:

Substrate coupling: need small pads, narrow CPW
Ambiguity in pad stripping order.

UCSB 130nm HBTs: order not important.

Add through & load to remove ambiguity

On-wafer through-reflect-line:
No ambiguity from pad stripping.

Calibration to line Zo

Still must avoid substrate mode coupling
CPW particularly vulnerable.
better: thin-film microstrip
or ~25 um substrate with TSV's

220 pm

e
.=

u0I129s-SS040

Unilateral Power Gain, dB

25
20

15

10 series elements outside
1 fit: 1.06 THz
B max

54

1 Rodwell, IEDM 2017

1 parallel elements outside

10°

Gains (dB)

35

30

25

201

10% 10t 10%

Frequency, Hz

I Urteaga, DRC 2011

L 1c=6.9mA  f=521GHz

Vee=16V  f,,=1.15THz

Frequency (GHz)

D. F. Williams, A. Young, M. Urteaga, "A Prescription for Sub-Millimeter-Wave Transistor Characterization," IEEE Transactions on Terahertz Science and Technology, July 2013

21



Challenges @ 64nm/2THz, 32nm/3THz Nodes

Need high base contact doping
>10%°%/cm?3 for good contacts
high Auger recombination

very low f3.

Seem to need 1-3nm contact penetration
Pd or Pt contacts

react with 3++ nm of base

penetrate surface contaminants

too deep for thin base

Base regrowth as possible solution
thin, moderately-doped intrinsic base
InGaAs or GaAsSb @ 101°-10%%/cm3
thick, heavily-doped extrinsic base

P-GaAs, ~10%'/cm?3

107 sy
1 P-InGaAs | §
2 base contact
2

~_ 10° . Au
€ S
T = Pt-InGaAs
E; 7] 2 reaction
2107 B enitter
@ ] )
I | >
v g r3THz target o
o 10 E b s vl N o -9_
5 2
c | 4=0.8ev i <§-
8100 Q8% Z setback

1 0.2eV Y

| step-barrier § grade

1 Landauer w

0 i — ‘ collector Rode et al., IEEE TED, Aug. 201

Hole Concentration, cm’™

TiW
SiXNy—\
= [ — = |
collector
BN B T
process MOCVD base collector mesa,

e/b junction regrowth contacts contacts, etc.

22



Regrown-Base InP HBTs: Images

p-GaAs extrinsic surface

TiW (in SiN)

Emitter
— (under Mo)

Intrinsic base surface l/

Different faceting angles

AccY Magn Det WD |——————— | 200nm AccV Magn Det WD |——— 500 nm
10.0 kV 350000x TLD 6.1 ingaas 8s 10.0 kV 120000x TLD 64 RG62B_w_75nm_pGaAs

Before regrowth After 100nm p-GaAs regrowth

Dry-etched
TiW emitter contact

Cross-sections

23



Regrown-Base InP HBTs: Status

Good DC data: even given regrowth o (™
refractory Mo/W/TiW emitter contact
maintains low p..

] Solid: V=0V
Dashed: V__ =1V
CB

IC (mA)

9
6
3
0

E T T T 10'3- -------------- i T T T T O
0 0.5 1 1.5 2 0.3 04 05 0.6 0.7 0.8 0.9

Vee (V) 0

Excellent base contacts; but hydrogen base passivation
0.4 Q—um? resistivity for GaAs/metal contactv’
290 Q sheet resistivity for regrown base v/ \
0.60Q2—pm? resistivity for InGaAs/GaAs contact X = mm
1940Q)/ sheet resistivity for intrinsic base X S

Recent efforts: in-situ MOCVD hydrogen anneal

Preliminary results: marginal ~300GHz f ., (still excessive hydrogen)

24



FETs (HEMTSs): key for low noise

2:1to4:1increaseinf.: 0 B B L

improved noise 3
less required transmit power
smaller PAs, less DC power

600
GHz

Fon *1+2,/9, (R, +R, +R)T (fi]

1200

GHz
I

Q

or higher-frequency systems

Noise figure, dB

1010 1011 1012
frequency, Hz

25



High-Frequency FET Scaling

Jalo To double f, reduce L, 2:1, but this is not enough
InAlAs
parmet Must also reduce C,.,/g,, , C,./g., time constants 2:1
\ /d | - g.,/W, must be doubled
source\< >//< rain
; = Must also thin dielectric and channel by 2:1 (g_Rj)
e
~ —
S->//< G >\\<-D 4 Rg Cgsy Cgi{c; gm Vgs RDS RD d
e | N —W—7 k Wy—o
channel = ==
barrier /

vertical S/D spacer / ’
= low-K dielectric spacer ggsiz e R
high-K gate dielectric 5

26



FET Current and Transconductance

Fermi velocity from (E, —E,,)=mV? /2 Vs = Vin)
current oc Fermi velocity - charge Coy
J = K, - (84mAum)-((V, ~V,) /1V) y
y(z
O, € K1 | (\/gs _Vth )1/2 —_~ Cdepth — g/Tinversion_>
035 | in(lGlal)Asllthin {106} Sl o I;
0.3 g=2 3
: g=1 —
EET:1§§: . (Ef B EWE“) / q - Ebarrie)
. _ , Eea]----
- */m © ——= <« C,..=0°gm /277" — E.
To increase g,;: \ EC-’/
thin .the oxide & channel channel charge
and increase K, (mass, # valleys)...hard
or increase (V,-V,,)...also hard 1!

27



Towards faster HEMTs: InAs MOS-HEMTs

Thinner gate insulator

HEMT: ~6nm InAlAs (¢,=12), limited by tunneling
MOS-HEMT: 2nm ZrO, (€,=25)

Less source resistance

HEMT: InAlAs barrier under N+ source/drain
MOS-HEMT: N+ layer on InAs channel

N+ source
gate barrier
N+ drain

w

InAlAs

channel
barrier

gate dielectric

high-K

(I)I()l
a)

Simple ballistic theory: thin dielectric increased g,,..
HEMT: InAlAs barrier: tunneling, thermionic leakage

Snm InAlAs Gate Insulator

0.2

* InAs
* InGaAs
InP

Vinj
limited

0.15F

0.05F

m*/m
0

2nm 7.r()2 Gate Insulator

0.2

* InAs
* InGaAs
InP

Zoraudh

DOS
limited

tch=1—10nm

0.1
*
m /mo

J = K, - (84mA/um)-((V, ~V,) 11V)

Om € Kl ) (Vgs _Vth )1/2

Limitations to theory:

Assumes parabolic E-k dispersion: unrealistic
Ignores effect of maximum gate overdrive (V,-V,,)

1st MOS-HEMT demonstration:
Fraunhofer IAF / IBM Zurich

28



MOS-HEMT: fabrication flow

HSQ

— InP
Composite Channel

[aVAVVAYS INAIAS
Fe:InP

InGaAs

29



MOS-HEMT: device structure

N+ InGaAs

B. Markman et. al, 2021 DRC

Misalignment

N+ InGaAs

InAlAs

b Corvoos

InAs
InGaAs

Channel Material

Zr0O, Cycles

InAs / INnGaAs

30
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DC characteristics @ 40 nm L, 2 x 10pm W,

ransfer Characterlstlcs Transconductance Output Characterlstlcs
T T T T p
— i '=-0.2V - 0.7V by 0.1V
= 100 V=01V - 05be01v _ 55| - Vs y
2 g 5ol )
> 3 2.0 !
g A 1.5 < 1.0
— g =
an LA - 0.5
0.5
1()‘7 : : 0.0 0.0
-0.5 0 0.5 -0.5-0.3 01 01 03 0.5 0 0.1 0.2 0.3 0.4 0.5
VGS (V) VGS (V) VDS (V)
Peak g, R, I, | 5 I Long L, SS;,

2.4 mS/um 49 —55 Qeum | > 145 mA/um | <10 nA/pm < 10 nA/um 76 mV/dec

B. Markman et. al, 2021 DRC
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RF characteristics @ 40 nm L, , 2 X 10pum W,

= Peak f
1400 4o s e

-o—UJ

=420GHz | u .
max = 262 GHZ  |-=-Mmsc/MmaG|;

Vg =-0:5V to 0.5V by 0.1V |
it | 350)

N
e

[
N

= 11300 i
404
250 = e

=
200 Z30f
£
150 © |

Drain Current (mA/um)

20
0‘5 100 VDS — 070 V ‘ N N %
| o  10fVes=030V
: IDS: 079 mA/I.,lm \::\
04 ol N ob—L L LLIHL L TR | ISP
0 0.2 0.4 0.6 0.8 1 10° 10’ 10 10°
Drain Voltage (V) Frequency (GHz)
Peak f, = 420 GHz on L, = 40 nm (011) conduction device, peak f,,., at L, = 50 nm

fmax €Xtrapolation difficult because of peaks in U; calibration artifacts or negative resistance
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Need for higher energy barriers

To increase transconductance:
thin the oxide, thin the well
— increased eigenstate energy
- loss of confinement at large (V,-Vy;)
> constrains maximum transconductance: /,X(V,-V,,)*? > g, 0¢(Vye- Vi, ) /2
- maximum achievable g .

Need high barrier energies
InAs/InAlAs vs InAs/AlAsSb

o —_ )
I N P/A | ASS b ? ? ? ? Intrinsic Transconductance = ) 15 -
3 . T v 4 = _ InAlAs barrier Huang, JAP, 2014
E ' B. Markman g 2 [ AlAsSb barrier
£ 33 = > 10}
2.5 P 5] o InGaAs well
§ / I‘ 3 g EJ Y
g \ 5 2 '8 l :
— —— -z / o ’ : $
E/Jarrier barrie 2 2 | 2.5 = £ R 2 8 :
> y =) © : :
E [ [ R —— - / 3 o .
E ! 4 t | / : g 5 ‘ Fermi level
i & | well .-E 1.5 i / 1.5 ; ‘g B o 5 T W i S VN
/ well f © 1 | g ’ / ; , 1 E 8 InAlAs modulation-doped layer
o) 0.5 - I " I - I -
B = E - 2 4 6 8 10 = 10 20 30 40 50
. € Channel Thickness (nm)

Distance to surface (nm) 33



Transistors for 100-300GHz wireless

Systems

Multi-beam (MIMO) endpoint and backhaul links.
Imaging radar

Transistor parameters
LNAs: cascaded noise figure
PAs: high PAE, high power density (W/mm)
high f. x V,,
PAs need high A/mm & closely-spaced fingers

Today's available IC technologies
CMOS: good to “150GHz. 65-32nm nodes are best.
SiGe: surpasses CMOS above 200GHz.
InP HBT: record 100-300GHz PAs
GaN HEMT: record power below 100GHz. Improving
InGaAs FETs: record LNAs

Improved InP HBTs
goal: improved PAE in 100-300GHz PAs.

challenge: base contact resistivity scaling. Process complexity.

Improved InGaAs FETs

High-K gate dielectric may permit further scaling.
High-K / InP / AlAsSb ?
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In case of questions



210 GHz FMCW crossed-array imaging car radar

/

Array: transmitter . :
36x1 transmit, 1%216 receive S array receiver field of view
36 (v) x 216 (h) image s array T T T
length: 15cm (6 inches), e aae;esassssaaesasﬁ
beamwidth: 0.27°, [ S .eaesss;zessesese;
view: 10° (v) x90° (h). . / RN
scan: 40Hz 2 te"ime”tse NEEEEERERRRRRRRRE

}°5kii SARRERR I RRRRRENR)
ElectroniCS \/ : T 2 B 2o S Tt P e R S P I I e e o 13 S S e Iy e
transmit power/element: 50mW ~ /\V\\ 3
receiver noise: 6dB o receiver resolvable directions
packaging losses: 2dB TX, 2dB RX /

~U What you see What you want to see

Sees: L —‘"l e
22cm diameter target (a soccer ball) = o : #4 ]

’, % @H’

@ -10dB reflectivity

200m range,

with 10dB SNR

in heavy fog/rain @ 22dB/km
with 4dB operating margins.

illumination



FET Scaling Laws (these now broken)

oate FET parameter change
InAlAS gate length decrease 2:1
barrier
source drain
X p7.
I =
chan_nel
n— dielectric equivalent thickness decrease 2:1
% . >\\< D channel thickness decrease 2:1
= - - either (channel state density) increase 2:1
or (Vgs-Vip) increase 4:1
Chan.nel contact resistivities decrease 4:1
barrier

Gate dielectric can't be much further scaled.

vertical S/D spacer Not in CMOS VLSI, not in mm-wave HEMTs

== [ow-K dielectric spacer
high-K gate dielectric g./W, (mS/um) hard to increase-> C,,,/ g,,, prevents f_scaling.

Shorter gate lengths degrade electrostatics-> reduced g,, /G, - reduced f,,
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