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Optical Fiber Transmission

40 Gb/s: InP and SiGe ICs commercially available

- TEN[ ES [ O NN
80 & 160 Gb/s is feasible ol L = e
80-160 Gb/s InP ICs now clearly feasible |y | i o ST
~100 GHz modulators demonstrated
100 + GHz photodiodes are easy
challenge: fiber dispersion
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250 GHz digital radio: 100 Gb/s over 1 km in heavy rain

-

Radio-wave Transmission / Radar / Imaging
65-80 GHz, 120-160 GHz, 220-300 GHz

100 Gb/s transmission over 1 km in heavy rain mm-wave sensor networks 300 GHz imaging
300 GHz imaging for foul-weather aviation /@/
science

spectroscopy, radio astronomy A

Mixed-Signal ICs for Military Radar/Comms
direct digital frequency synthesis, ADCs, DACs
high resolution at very high bandwidths sought

Why develop transistors for mm-wave & sub-mm-wave applications ?
— compact ICs supporting complex high-frequency systems.




Frequency Limits
and Scaling Laws
of (most)

Electron Devices

Principle of Scaling R;

diode as
example

contributing parameters

time constant

| fo double bandwidth

transit time trocDlv, reduce D by2:1
CocWLID
R, CocW/D |reducel by4:1
Rs,bottom oC 1/L |
reduce by 4:1
C o WL/D pcontact y

R = p contact /WL

s,top

RS,tOpC(x p /D

contact

use Schottky: p =0

contact

use flared contact: R , L ~ p In(1/W)

CocWLID
Jjunction o kT / ql

Rjunction C ot WL / [D
ocl/JD

Increase J by4:1

space - charge limited J

J oc(V+@)v, [D? increases4:1

electron



R/C/t Limits the Bandwidth of (most) Electron Devices

resistance capacitance transit time

ooy oy

device bandwidth

applies to:
bipolar transistors, field-effect transistors, Schottky diodes
RTDs, photomixers, photodiodes

Applies whenever AC signals are removed though Ohmic contacts

Effective THz devices

must minimize, eliminate, or circumvent
contact resistance, capacitance, & transit time



Why aren’t semiconductor lasers R/C/t limited ?

+V (DC) \

I S
Lol AC output
~ - field
highe, '+ = oplica | >
N-
N+ ? AN~ $ AN~ Quasi-TEtl\f modtfe equivalent circuit
at lower frequencies
metal ¥ % ey
-V (DC) } mm

dielectric waveguide mode confines AC field
away from resistive bulk and contact regions.

AC signal is not coupled through electrical contacts

dielectric mode confinement is harder at lower frequencies



Diode & Transistor Integrated Circuits to ~1 THz

10-nm to 100-nm electron drift devices:

100 nm-generation InP DHBTs
signal generation with power to ~500 GHz

< 30 nm-generation InP HEMTs
30 nm devices now get ~600 GHz f,
— low noise figure at 300 GHz

<50 nm-generation InP or GaAs Schottky mixer diodes
many THz RC and transit time frequencies

And Silicon VLSI for applications below ~150 GHz !



Fast IGC Technologies

Hilse HBT Uross Scction (1250m Sitic BICMUOY)  sesaTa

N

InP HBT: 500 nm emitter SiGe HBT: 130 nm emitter CMOS: 90 nm node:
455 GHz f /485 GHz f__, 300 GHz f_ /350 GHz f__, ~200 GHz f_ / 250 GHz f__
~4 \/ breakdown 96 GHz static dividers 60 GHz 2:1 mux
150 GHz static dividers 77 GHz amplifiers 91 GHz amplifiers

150 GHz push-push VCO- 75 GHz fundamental

178 GHz amplifiers

InP HBTs:
450 GHz bandwidth at 500 nm scaling
Potential for much wider bandwidths at 100 nm scaling



We design HBTS for fast logic, not for hight & f .,

Gate Delay Determined by :
Depletion capacitance charging % out

i % i out
through the logic swing in E_vﬁ /Li%
AI/LOGIC
—===|\C, +C epletion
( IC ( b begeplet ) cﬁchlock clockw clock

Depletion capacitance charging

(r, +7.) typicall y 10 - 25% of total delay;
Delay not well correlated with f;

through the base resistance
Rbb (chi + Cbe,depletion )
Supplying base + collector

stored charge
through the base resistance

(AV,pgc /T NCoy + Cho et )8 55% -80% of total.

High (I./C ,)is a key HBT design objective.

IC —
Rbb (Tb i TC )( AVLOGIC j Jmax,Kirk = 28velectron (Vce, operating + Vce,full depletion ) / Tc2
The logic swing must be at least — CovAViocic _ AViogic (Aconector ][ I ]
]C 2VCE ,min Aemitter 2velectron

kT
AV o6ic > 4.[7+Rexlcj R, must be very low for low AV, at high J




Bipolar Transistor Scaling Laws & Scaling Roadmanps

Scaling Laws:

design changes required
to double transistor bandwidth

key device parameter

required change

collector depletion layer thickness

decrease 2:1

InP Technology Roadmap
40/ 80/ 160 Gb/s digital clock rate
Parameter Gen. 1 Gen. 2 Gen. 3
MS-DFF speed 60 GHz 121 GHz 260 GHz
Emitter Width 1 um 0.8 pm 0.3 pm G
Parasitic Resistivity 50 Q-pum? 20 Q-pum? 5 Q-pm? G

Base Thickness 400A 400A 300 A
base thickness decrease 1.414:1 Doping 510%/cm? 710%/em* | 710%/cm?
emitter junction width decrease 4:1 Sheet resistance 75082 700 €2 700 &2
J . Contact resistance 150 Q-pm? 20 Q-pm? 20 Q-pum?
collector junction width decrease 4:1 ;
Collector Width 3 um 1.6 pm 0.7 ym
emitter resistance per unit emitter area decrease 4:1 Collector Thickness 3000 A 2000 A 1000 A
current density increase 4:1 Current Density 1 mA/pm? 23 mA/um? | 12 mA/pm?
A‘Xcollectorfffxeminer 4.55 2.6 29

base contact resistivity

(if contacts lie above collector junction)

decrease 4:1

base contact resistivity

(if contacts do not lie above collector junction)

unchanged

WE WEB
L,
/ emitter
base | base
111111111111
JL UITTTTITITTITI T
Ax collector
‘ WC WBC
|

11

Jusw Jo saunbiy Aoy

I 170 GHz 248 GHz 570 GHz
S 170 GHz 411 GHz 680 GHz
I ——

I./Lg 1 mA/pum 1.9 mA/um 3.7 mA/pm

T, 0.67 ps 0.50 ps 0.22 ps S
)

C, /1 1.7 ps/V 0.62 ps/V 0.26 ps/V o)

w4 8

Co AV 11, 0.5 ps 0.19 ps 0.09 ps S
%)

Ry, AV /1) 0.8 0.68 0.99 ;%

C(AV oy /1) 1.7 ps 0.72 ps 0.15ps Q

R AV 4 /1) 0.1 0.15 0.17

Key scaling challenges —>

emitter & base contact resistivity
current density— device heating

collector-base junction width scaling

& Yield !



Zach Griffith

Transistors & IGS at 900-600 nm Scaling Generation

1.7 um base-collector mesa 1.3 um base-collector mesa
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Zach Giriffith

InP DHBT: 600 nm lithography, 150 nm thick collector, 30 nm thick hase

A =06x43um* v =QvV
| jbe cb

7r
6F — 16
~ 5 o ¢ 3
“é - Peakfr,fmaX 149
3. . o
< 45 ] ’3\
E 3t 183>
S 15 A, =0.6x4.3un’ 72k 1.
O 10 L=132mAV =154V 1 :
=547 mAUME, V =06V 0F — 0
5— Jo = 517 mAUMS, V= 0.6 'Cy/l, ~0.5 ps/V 0 2 2.5
f =391 GHz, f =505 GHz
t max RN
O 1 1 IIIIII| | 1 IIIIII| | I\I\IIIII| 0017 £
Frequency (Hz) 102 3
Average B~ 36, Vg e = 5.1V (I, =50 pA) < 10°, d

=101 Qpm? ~ 10°; n =138

=9.6 Q-um? 10'“? _____ C 7
2 -12? o - V.= 0.0V (dashed) &
= 5'4'52'Ll"1 10 SV . I P T
0 0.2 04 0.6 0.8 1
Vbe (V)

Emitter contact (from RF extraction), R
Base (from TLM) : R, .
Collector (from TLM) : R

cont

=564 Qlsq, R,
=11.9 Q/sq, R

V_ =03V (solid) =

sheet cont



Zach Giriffith

InP DHBT: 600 nm lithography, 120 nm thick collector, 30 nm thick base

15 mWigm? 20 mWipm? A~ 0.6 x4.3um°
ll L

Gummel characteristics

V,, = 0.0V (dashed)
V, = 0.3 V (solid)

Hr
L I B

0 025 0.5 0.75 1

357 ~ e
E 14r v sovil® 1= 180uA 0.01<
30—: 12 - ch AT = 258K é
= - AT = 228K 1074
257 ~10F . E
=" 3 NE I s e AT =27T2K s ;
B.20 S 8 Peak £, f s, “al ~.10":
o 3 <t : R BN
S 15_: Ajbe=0'6X4'3 um2 é & r ': el — _._ﬁ';z.uﬂ( . 10-8;
QD10_' | =206 mA,V_=153V Y ﬂ"”q_ : Tl E
JJ =80mAuM, V =06V , - ' 107
5__ e cb ® 2r | =
4 f =450 GHz, f =490 GHz Y L 4 E
gt max \‘\‘ » 10_12,
0 T |||||||I T |||||||I T |||||||I EI riTTryriIrTrIrrrT T T I rTrryroToeargpreliang
10° 101 10" 10?2 O 0.5 1 1.5 2 25 3 3.5
Frequency (Hz) VCE (V)
107 ,"’VCb =-0.3 v vopen [[2O
8:‘\*’0/// | :—20 ﬁz 40’ VBR,CEO =3.9V.
C\TE\ ] D 5 & Emitter contactR_ , < 10 Q-pm?
Ei 6- Eanag ' 5150 Base: R, =610 Q/sq, R = 4.6 Q-um?
S N Y v | o Collector: Ry, =121 Qlsq, R, = 8.4 Q-pm?
s ShanecnsaRtiSE T 1L
o 1 o - Vv, =06VE
2j . B -G =03 psiV - 5
:Ajbe'=‘0.‘6 x4.3 ;;mz “A=13x65 pm? E
0+ LIS L L L L L L L O O O B B 0
0 2.5 5 7.5 10 12.5

J (MmA/pm?)

Vbe (V)



InP DHBT: 600 nm lithography, 100 nm thick collector, 30 nm thick hase

Zach Giriffith

35— A =06x43um°> VvV =0V
20,0 >
307 H21 17.5 — o~ 190 UAE S0
25— O (\7\15.02— 4 40
0 MSG/MAG E125F 1 -
S.20 . <10.0F —3% 3
Z4e| A =06x43um o e T5E 420 =
15 b N ! - N
®© 1oe AR = .
O | =27.8mA,V_ =137V "\, S-0¢ 7 10
10_ (o} ce \\:\ 25 5 .
J =103 mAuUm?, V =04V 3, oof . :
5 ° ® 0 "0'5””1'””1I5””é””250
f =491 GHz, f =415 GHz | Vo (V) |
0 1 1 IIIIII| | | IIIIII| | I\i\‘lllll| [ B R \Ce\ T R R
10° 10"° 10" 10" 0.012 A, =06x4.3 um?
Frequency (Hz) \ =
: 10 -
Summary of device parameters— _ -
< -6
- - % 10 3
Average 3 ~ 40, Vgg oo = 3.1V (I, =50 pA) K -
: . 10° =
Emitter contact (from RF extraction),R__ .~ 7.8 Q-pm? 3
. _ _ 9 101 .- V_, = 0.0V (solid) £
Base (from TLM) : R, ... =629 Q/sq, R_ = 6.2 Q-pm v 03V (dashed) E
10-12 ‘ — - ‘CB | ‘ | o F
Collector (from TLM) : R, .., =129 QIsq,R_ . =40 Q-um?2 ™ o 45 o4 06 08 1

Vbe (V)



InP DHBT: 600 nm lithography, 73 nm thick collector, 25 nm thick hase

Zach Giriffith

35— 20.0 - 20/ 25 mWium’
30 LV, TO0V oo, = 185 UA
7] 16.0 |
257 E120f S
m MSG/MAG < B R
820_ \\ é 8.0 - fallur_e__.
S154 A =065x42um? S —
® joe \\ . 40
O | =271 mA,V_=1387V ~ "\ N
10_ Cc ce N \ | ,
J=100mA/um2V=O3V \\ \\\ 00 T T T T T T T T T T T T T T T [ T T T 1]
g% Ve NN 0 05 1 15 2 25
— N A —_— 2
f =525GHz, f =330 GHz Ay~ 065 x4.2um” Ve, (V)
0 T T TTTH] T T TTTTT] T \|‘|i||||| 0.01 ;Ajbe=0'65X4'2Hm2
10° 10 10" 0% .
Frequency (Hz) _ 3 n =1.15
< 100 - ]
Average B~ 50, BV =3.1V,BVgo =34V (I. =50 pA) _ ook ;
Emitter contact (from RF extraction), R___. ~ TBD Q-um? - 3
cont 1070 = V_, = 0.3V (solid) =
Base (from TLM) : R, ... =805 Q/sq, R, = 16 Q-um? o2 Rl V__ =00V (dashed) 3
R L L B A ‘
Collector (from TLM) : R, .. =12.0 Q/sq, R, = 4.7 Q-um? 0 02 0-3/ (v§)'6 08 1



Summary of published HBT performance

200 GHz 300GHz 400 GHz 500GHz =.[f f
700 ] popular metrics :
; / (+ fra)12
600 — N
- W f+Y fra)™
500 7 120 mm
g _ Uess better metrics :
E 400 - 00 power amplifiers::
o i DB\Ti:esse ucsg FHuélt\j? PAE,
9 - ¢ 150nm 75 nm associated gain,
@® —_
E 300 5 \ mW/um
5 o OTMA A S low noise amplifiers :
200 — 75nm SUF'féT Foins
- associated gain,
100 = associated DC power
=] Stated dimensions are collector thickness di gital :
=1 Devices are DHBTSs except when labelled otherwise
0 —| Updated Sept, 2005 S NENCE
11 | 11 | 1 | 1 | | L L | LI | | L (chAV/]C)’
0 100 200 300 400 500 600 700 (R.I_IAV),
f (GHz) (R, 1. 1AV),
(z,+7,)

UCSB results are @ 600 nm; further progress requires scaling to 250 nm



Digital circuits:
towards 200 GHz
clock rate

142 GHz latch from NNIN @ UCSB,
150 GHz ICs from UCSB/GSC/RSC

200 GHz is the next goal

underlying technology:
400-500 GHz InP transistors

AceW Spof Magn  Det WD Fep ———— 2 m

500KV 30 Z000: TLD 68 1 DHET19b, rid, no passivalion

Z Griffith

uimmim,i@ﬁnn“’

Acc N Spot Magn Det WD
A100kV 30 1600 SE 66

E:xl:l

rIE- -OHET26, FEIEBDS Ld?'i




Static Frequency Divider: Standard Digital Benchmark

ECL Master-Slave Latch with Inverting Feedback

Forms 2:1 Frequency Divider.

Maximum clock frequency is measure

of technology speed.
o to buffer —»
H H H H H | ——— "N\ n
Standard circuit configuration for consistent = by - L o
H u R.load Joad pea Joad
benchmarking - no tricks. L AR —— 0
"peal R load 0 B
I—-peak
} L:peak=6SPH
R, joad = 50 chms

Small inductive peaking (L/R~1.3 ps). V. owic = 300mV

Reik

clock
Emitter junction areas:
Q1,Q2=05x3.5 um?

% Ry Q3,Q4=05x35um’
Q5,Q6=0.5x 4.5 um’




LALRENZZ

CPW mode Mlcrostrlp mode  Substrate modes  Sjot mode

ground straps suppress slot mode, but multiple ground breaks in complex ICs produce ground return inductance
ground vias suppress microstrip mode, wafer thinning suppresses substrate modes

Microstrip has high via inductance, has mode coupling unless substrate is thin.

& & &4

We prefer (credit to NTT) thin-film microstrip wiring, inverted is best for complex ICs

thin-film microstip line

Ground Plane

- =1
AT
WL @

rh.%' o
L HHE
-

M. Urteaga, Z. Griffith, S. Krishnan



IC design: Z. Griffith, UCSB
HBT design: RSC/UCSB/ GCS
IC Process / Fabrication: GCS
Test: UCSB/RSC / Mayo

UCSB / RSC / GCS 150 GHz Static Frequency Dividers

data data clock clock
units current emitter current emitter
steering | followers | steering | followers
size pm? 05x35| 05x45 | 05x45 | 0.5x5.5
current | mA/pum? 6.9 4.4 4.4 4.4
density
C./l. |psec/V]| 0.59 0.99 0.74 0.86
Vv 0.6 0 0.6 1.7
GHz 301 260 301 280
GHz 358 268 358 280
20 . & PDC,totaI=659'8 mW I
1+ i divider core without L
e 10 ] output buffer ~ 594.7 mW
o i N
) 1 T T
o 0
= :
8_ ]
-10 -30 ]
5 -10]
20 o ]
T -30 g4 = ]
S 3 g -20-
S 40 I = 50 5 LI T T R A
2 < = 1 .
§ £ = .30 1  Probe station al
g% 3 = © chuck@25°C v
S 70 S 70 R | ,
-80 [ e [T W TN 40+
STO R Luk il M DR -801 O 20 40 60 80 100 120 140 160
0.00 19.00 38.00 57.00 76.00 74.9975 74.9987 75.0000 75.0012 75.0025
frequency (GHz) frequency (GHz) frequency (GHZ)




Z. Griffith, M. Dahlstrém

UGSB 142 GHz Master-Slave Latches (Static HGIIIIGIIGV Dividers)

Static 2:1 divider:
Standard digital benchmark.
Master-slave latch

with inverting feedback.
Performance comparison
between digital technologies

UCSB technology 2004

InP mesa HBT technology
12-mask process

600 nm emitter width

142 GHz maximum clock.

Implications:

160 Gb/s fiber ICs

100 + Gb/s serial links
Target is 260 GHz clock rate

at 300 nm scaling generation |-

=R

T-—_lT' |

-Ii-r—n—*

e

Output Power (dBm)

15.0

30.0 45.0 60.0 75.0
frequency (GHz)



50 Ohm 50 Ohm bus 50 Ohm _
R e ECL with impedance-matched —>
§exg >~ 50 Ohm bus:
G > 25 Ohm load— switch 12 mA
S 12mAXx7 x4V =336 mW/latch
Rclk R{'Ik
PR o S " 12|mA clock
Rer Ref e Res R4 Rer  Retci Ref
50 Ghm 50 Ohm bus 50 Ohm

CML with impedance-matched —

50 Ohm bus:

25 Ohm load— switch 12 mA
12mA x3x3V =108 mW/latch

50 Ohm h

v

Low-Power CML

100 Ohm loaded — switch 3 mA
3mMAx3 x3V =27 mW/latch

low ch,pad

High speed @ low power =low C

wiring !

Significant dissipation in the clock emitter-follower level-shifters;
some published work omits this from stated dissipation



Zach Giriffith

Simulated divider speed...

Without C_, reduction
Ape = 3.0 pm?, . =130 GHz
Ape=2.5 um?, f . =136 GHz

m

m

With Implanted Sub-collector
Ajpe = 3.0 um?, f__ =143 GHz
Ape = 2.9 um?, f__ =151 GHz

m

m

With Pedestal
Ajbe =3.0 um?, f
Ajbe =25um? f

_ =156 GHz
_ =164 GHz

m

m

P ynicer core. ~ 214 MW

ivider core,




Zach Giriffith

Divide-hy-4 at 128.6 GHz, S2 RSC Technology

128.6 GHz input 5 GHz input test to prove static operation
O i : : : O | : : ;
T2 i Fo ALl | T e .
m m
< °
—_ _ I T I | B
2 :
o ol
360, ok a
-} )
O @
-80 TV —— |

0 10 20 3|0| - 40 50 0 10 20 30 40 50
frequency (GHz) frequency (GHz)

Measurements performed at UCSB, GUNN Source Used For CLK Input

RSC Wafer # xxxx, Divider ID: R3C2 #5A, Fabricated at RSC, Design at UCSB

Veoftset = “0-49 Vs Vig giv12 =34V, Ieg 110 = 192 MA = 5 at £, o < 65 mA per divider ckt
Power dissipation of input divider core w/out output buffer <221 mW — room temp, no cooling



Zach Giriffith

Ultra Low Power CML Static Divider Design

Simulated divider speed...

With Collector Pedestal
Ajbe =1.0 um?, f__ =100 GHz

m

~ 31 mW

I:)divider core,




Zach Giriffith

Ultra low-power RSC / UGSB CML dividers

Output waveform @ 6.0 GHz, f, = 12 GHz Output waveform @ 25.5 GHz, f,;, = 51 GHz
0.00 0.00 ———m—mmr—+————+ 1+
-0.05 | -0.05; _
S b S '
— -0.10 — -0.10
@© B @© i
c L c L
(®)] L (@) L
& -0.15F & -0.15F
= N > I
Q L Q
< -0.20 5 -0.20
O : O
-0.25 | -0.25
e AR 0300 1| -

250 375 500 0 50 100 150 200

time (ps) time (ps)

0 125

The divider is operational from 12 GHz to 51 GHz

At fy =51 GHz, Py, 40, = 29.2 MW > Latch power x delay = 143 fJ, no emitter followers =79.0 fJ



M. Urteaga

Deep Submicron Bipolar Transistors for 140-220 GHz Amplification

raw 0.3 um transistor: high power gain @ 200 GHz

i I

emitter

ﬁ base contact

Transistor Gains, dB

collector contact

Frequency, GHz

8\\\\\\\\\\\\‘\\\\‘\\\\\\\\\\\\\\\\

N

e g
® 1 1-transistor amplifier:
. 6.3dB @ 175 GHz :

140 150 160 170 180 190 200 210 220
Frequency, GHz

10 -
0 -

-10 -

1+ 3-transistor amplifier: |
2  8dB @ 195 GHz .

=30 T T T
140 150 160 170 180 190 200 210 220

Frequency (GHz)

gain, dB




V. Paidi, Z. Griffith, M. Dahlstrém

Mesa DHBT Power Amplifiers for 100-200 GHz Communications

10— 7 dB gain measured @ 175 GHz

dB(S(2.2))
dB(S(1,1))
dB(S(2,1))

140 150 160 170 180 190 200
freq, GHz

175 GHz Power Amplifier Demonstrated in a 300 GHz fmax process
500 GHz f_,,, DHBTs available now, 600 GHz should be feasible soon

— feasibility of power amplifiers to 350 GHz
— Ultra high frequency communications

2 fingers x 0.8 um x 12 um, ~250 GHz f , 300 GHz f__, , V,, ~ 7V, ~ 3 mA/um? current density



V. Paidi, Z. Griffith, M. Dahlstrém

GCommon-Base Has Highest Gain, but Layout Parasitics Matter !

. . 30 ¢ | S |
' ' ; ignores layout parasitics
E ] : base plug 25 |
L. ) :
m 20 |
base °
2
SN R S R - ----- B I Sy < 15-
L, I
g} g} = 10 1
i 5
(O] O
= 3 5
5 3
ol
Frequency, GHz
25 ¢
| ] R
: : 20—E W ithout Cce, L
: : Q 15— With C _
2 C
interconnect metal 0] =
2 10 )
T = g
| emitter base | i )
Cee T /T\C"e 5-  WithC andlL ——
N- collector collector : - i
| N+ subcollector | 0+ | T

10 100

semi-insulating InP
Frequency, GHz



V. Paidi, Z. Griffith, M. Dahlstrém

Single-Sided Gollector Contacts Improve Gommon-Base Gain

30+

25 IS

Single sided collector

20 TS

15

10- @ TN I

m
i emitter
MSG/MAG

collector

amplifier designs .“-._f

0 [ | | | | | | | | ‘

10 100
Frequency, GHz

interconnect metal

emitter: ! , base
collector
N- collector
N+ subcollector

semi-insulating InP




V. Paidi, Z. Griffith, M. Dahlstrém

172 GHz Common-Base Power Amplifier

+ Input Matching Network :OU;‘PCL;}" Loadline!
o—:—| | o o | — . :
N
! — Vo> RL

8.3 dBm saturated output power
4.5-dB associated power gain at 172 GHz
DC bias: Ic=47 mA, Vcb=2.1V.

c 15+ | | -5
% C
-0 4
s 10—
% i
o 5 3 T
= T 1 &
%— i Output Power ] 03
) 07: 1 s
m‘ [ -
I T 5] 1
- c i )
[ | g r )
-10 1 1 1 1 : -10 \ \ \ 0
140 150 160 170 180 190 -15 -10 -5 0 5

Frequency, GHz Input Power, dBm



Gain, dB, Output Power , dBm

- gemm V. Paidi, Z. Griffith, M. Dahlstrom

N -nm 7-dB gain at 176 GHz
'- " i'. 8.1 dBm output power, 6.3 dB power gain at 176 GHz
9.1 dBm saturated output power at 176 GHz
Veb,bias
L
L swoms £+ L ooms L = L =

Output Power [

- 4

[ m

- ©

r 3 T

B > w

r m

2R »

[ (7))

-1

O A -
140 150 160 170 180 190 200

Frequency, GHz

Input Power, dBm



Transistor IGCS — compact sub-mm-wave systems

Compact, Single-Chip Monolithic Frequency Multiplier Chains

200 GHz
100 mW

Frequency
doubler

_K

100 GHz I:

1>

Frequency
doubler

_K

400 GHz
50 mW ?

Sub-mm-wave Frequency Generation by phase-locked source

Gilbert-cell
harmonic mixer
300 GHz
push-push
15 GHz veo
reference
static or
dynamic
f
75GHz | givder 150 GHz

800 GHz

Frequency
doubler

4

10 mWﬁ

300 GHz power

HBT
active
frequency
doubler

amplifier

600 GHz



Today: InP DHBTs @ 500 nm Scaling Generation

Device Performance:~ 400 GHz f_and ~500 GHz f__,

Has enabled 150 GHz digital clock rate (static dividers)

Should enable 300 GHz power amplifiers (175 GHz realized with 300 GHz fmax)

emitter: 500 nm width, 15 Q-um? contact resistivity

InGaAs base base contact
BC grade

.

emitter contact

emitter

collector —m |

—o

N- drift collector

—

N+ sub collector

S.l. InP substrate

base contact: 300 nm width,
20 Q-um? contact resistivity

collector: 150 nm thick,

5 mA/um? current density

10 mW/um? power density @ 2V
15 KI(mW/pm?) thermal resistance



Next: 250 nm Scaling Generation, 1.414:1faster

Goals: 500 GHz f_and 700 GHz f__,
230 GHz digital clock rate (static dividers)
400 GHz power amplifiers

Direct, brute-force scaling Parasitic Reduction

regrown emitter with wide contact: reduces access resistance
emitter: 250 nm width

7.5 Q-um? contact resistivity base contact:
150 nm width,
\ 10 Q-um? resistivity
emitter contact
. emitter / drift collector
nGaAs ase: base contact —
BC grade
collector \'_. « N- drift collector |

pedestal
/ N+ sub collector / N+ sub collector
/ S.1. InP substrate / S.I. InP substrate

collector: 110 nm thick, collector pedestal:
10 mA/um? current density reduces capacitance under base contacts,
20 mW/um? power density @ 2V allows wider & more resistive base contacts

7.5 KI(mW/um?) thermal resistance

Requires innovations in emitter & base Requires implants and regrowth processes
contacts: processes & metallurgy



Manufacturable Emitter Dielectric Sidewall Processes

First-Generation: UCSB and Rockwell Scientific 18.00
: 16.00 - »
Miguel Urteaga SisN, ra0 |
thin emitter 12907
base contacts by < 10001
planarization E 800
& etch-back < 6.00 |
4.00 -
2.00 A
0.00
-2.00
0.00 0.50 1.00
Vce
Urteaga, Rodwell , Pierson, Rowell , Brar, Nguyen, Nguyen: UCSB, RSC, GCS 266 GHZ ft 1 133 GHZ fmax, ' chllc:0'4 pS/V
2nd-Generation: Rockwell Scientific ]
Miguel Urteaga, Petra Rowell - s / | E— - -
electroplated g L l 1
emitter and i |
base contacts et _
£ | f= 326 GHz
1 "i § :f;f.m.\' = 305 GHZ
';llh\ IIII"I':T!'AI;P. LI} U‘d i -
=% A4,=0.25x10 pm’
Je=17 rr1f5u"w1'12
N Vup=04V
250 nm emitter oL _ .1‘ )
10 10 10 10
Frequency ({GHz)

Urteaga, Rowell, Pierson, Brar: RSC




C. Kadow

HBT with Epitaxial Extrinsic Emitter

/e Sontat —

InP Emitter
/

InAlAs/InP Current Barrier

InGaAs Extrinsic Base
InGaAs Intrinsic Base

0 0.5 1 1.5




Suhcollector & Pedestal Implant

Navin Parthasarathy

Fe Implant Subcollector Implant Pedestal Implant Epitaxial growth Junction
VYVYVYVYYVY VYV YVYVYVYYY YV YVYVYVVYY reprcaton
|
i = o8 - o -
S.1. S.1.
. A =0.65x4.3 um’
collector contact emitter 10.0 — e 065 4.3 ym’
\ / C | =100UuA]
__ step - 25
80— .
< F J20
\%_ 6.0~ failure _E 15 °:
% 154 A, = 0.65x4.3um’ \\ g 405 ‘l ] \%
Oy =1395mA Y, = 1834V N\ ~e Tk 410
J =50 mAjum?,V_~06V \‘\\ 20F ENS
> 1 =ss26Hz 1 =365 GHz N, - ! E
0 ! T T Illlll;nax T T IIIIII| T I\Illllll OO II'II|III/I|IIII|IIII|IIII|IIII|IIII O
0 10 " 12 0 05 1 15 2 25 3 35
10 10 10 10 V. (V)
Frequency (Hz) ce
A _~13x85 um? vV =06V
12 J : 1, 0.01 L Ay, =0.65x43 um’
C sub-collector grown 3 E 4
" ‘M >0 OO 10" :
i —~ % E 3 < — L _;
pedestal implant 3 6% 25 .10
__—o  subcollectorimplant | 8" | 22 T = = E
base metal P O [ sub-collector w/ pedestal N f 3 c 107 ¢ n =153 -
4 — 415 3 E b 3
E sub-collector implanted 3 1 by 0 g E
Subcollector implant eliminates C 2 F E 107 ¢ — Vg = 0.3V (solid) =
ch ) i 0 ; 305 E _.--" 4
in base pad area -key for high o [.28% O, reduction - 28% predicted 37/ wies Vg = 0.0V (dashed) =
5 o IIII|IIII|IIIIIIIII|IIII_ 10-7 “\ ‘\\\‘\ \‘\\\7
speed in lower-power logic. O 2 4 6 8 10 0 02 04 06 08 1
3 (MA/um?) V_(V)

Pedestal further reduces C_,.




Roadmap for the 129 nm Scaling Generation

Target transistor performance: 700 GHz f_, 1100 GHz f

Target circuit performance
330 GHz digital clock rate (static dividers)

What would be needed to obtain this ?

emitter: 125 nm width, 5 Q-um? contact resistivity

InGaAs base base contact
BC grade

max !

comparable improvement of other key parameters: C AV/l,, R, |, /AV, R, |/AV

600 GHz power amplifiers

.

emitter contact

emitter

collector —— |

—o

N- drift collector

«—

N+ sub collector

S.I. InP substrate

base contact: 75 nm width,
~5 Q-um? contact resistivity

collector: 75 nm thick,

20 mA/um? current density

40 mW/um? power density @ 2V
4 KI(mW/um?) thermal resistance



Indium Phosphide HBTS for 100-600 GHz ICS

InP HBT now: at 500 nm scaling generation
455 GHz f, & 485 GHz f__,
150 GHz static dividers & 180 GHz amplifiers demonstrated
200 GHz digital latches & 300 GHz amplifiers are feasible

InP HBT: future, at 125 nm scaling generation
2:1 increase in bandwidth (?)
700 GHz f, & 1.1 THz f__, , 330 GHz digital latches & 600 GHz amplifiers ?
demands 4:1 better Ohmic contacts
demands 4:1 increased current density.

Applications:
160+ Gb/s fiber ICs,
300 GHz MIMICs for communications, radar, & imaging
GHz ADCs / DACs / DDFS / etc.
& applications unforeseen & unanticipated







Submicron diodes for sub-millimeter-waves

Scaled Schottky diodes ICs for near-THz Instruments
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5 NLTL-gated diode sampling ICs: results from the 1990's

% f
Wanefram Compresaian by MLTL -0 Gy sampiap IC
! # 1

. ii LI i , ? i f f E i E
=i monnlithic NLTLs: Rodwel, Maddes, & Bloom, 108 7 1
Smnford, WCFE, HewlettPackard -19851985 |

1 I 1

Foe my Moz A T +

InsdriaentaLion, Nar commcaran tehnafogy; g i
NLTL harmanic conversion loss ~1in?, naise fgure of zampl| E —— ‘ F
— —

IT-aes ox-mater nebvTh analpais

RLFL mlp
e by T g bt ek

Deep submicron diode ICs for (sub)-mm-wave applications

Foaled Fehamhy e dlader FULTEITN SEACIP-Ancd e Resoaaee-Taena-Dlodes

- —lh o
R e
N ™ te=-nak -a
foa A2 e T R T e, P — e 2 TEE
RTO Seading:
radecs contectwidi: 01 um

redece dapiston dagh O A
w1 8107 Ak
e O S e B Sl W CeadaL]

Dosdu b chaddth Divd1sd BT [ S2lat e AT ool aloy af 650 G
ransi bres. R i
Thiwdwvmn: JPL ¢ USES Cate 309

1060 o 05 T- b, 1501 & 2 photion dogrn
=15 TH2 R & Waresit e cutn kequencies

399 GHI Bakodiy-avods Rarmia e e A Amay uaclaloe

a .-l

SRTD shot cecdiaier

Q1 pm, 22 THe Schotiy-RT0 L.

L parem s 2000 b wrw Bewbew md 300G mowy arberi e e Paiemp
ATa we 8 Sng-apphoaion Hekon nith il pere sl ity




Hierarchy of ECL Static Frequency Divider

ECL NAND/NOR Gate

Master-Slave Latch:

T

ECL Latch: level-clocked memory element
Level Shifters

Level Shifters

Logic Gate Core
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Transit time Modulation Causes C,, Modulation

T base drift collector I_
O, SONSRNFOL AL GuOAAAANT AV T = [LV,) I o Sl
ole) g
C = _ aQbasehole‘s T = aQbaseholes — 8ch — _ 8Tf G@ @ _C;) @ g
“ ov, ! ol ol ov, 1,40, @O, © z
Camnitz and Moll, Betser & Ritter, D. Root m

Collector Velocity Modulation :
or,[oV,>0=0C, [0l <0

""I""I""I""- 8
0 100 200 300 400 ] 02V [
nm IS P i
n'\l§~ 6-: -
Increase in z, withV, — reduced C, iL 5:\-_-_/0.0v

- strong effect in InGaAs SHBTs < 0.2V
. S 4:¥ ™ L

- weak effect in InP DHBTs O N .
31 V_ =06V

2- TITTTIT[TTTTITTITITI[TITITRTTITITCIT

Kirk Effect :
or,[oV,<0=0C, [0l >0

2-....I....

1 ] < [
] —> C

0 100 200 300 400
nm

Increasein C, is due to both
- base pushout into collector
-and modulation of z, by V,



M. Urteaga

Transit time Modulation — Negative Resistance — Infinite Gain

collector
voltage
— E — - >
time
base electron Je/(Vo+AV)
density
908 0 \\q
(Vy+AV) O-| & )
=~
L - l S
O 0 Q|8 & vrav)[ ™
v g 8 o
0
v o ©) S
O (N
_I |_
\
subcollector l ISV 1
1
1
AV is negative collector :
current !

AJ=J,(AV/ V)

-
ﬂ‘—
P>

-
-
-

time
- '{'
9 . negative capacitance
_ﬂlﬂ';“-. —
‘ firl.a T~ ch,canc = _]c (a Tf' /8I/Cb )
1T
- / - -
L n . negatlve resistance
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