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THz Transistors:
What does this mean ?

What are they for ?
How do we make them ?



What could we do with a THz Transistor ?

High-Resolution Microwave ADCs and DACs mm-wave radio:
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Why develop transistors for mm-wave & sub-mm-wave applications ?
— compact ICs supporting complex high-frequency systems.



THz Transistors: What does this mean ?

A 1 THz current-gain cutoff frequency (f,) alone has little value
a transistor with 1000 GHz f_and 100 GHz f .,
cannot amplify a 101 GHz signal

RF-ICs & MIMICs need high power-gain cutoff frequency (f....)
also need high breakdown

& high safe operating area (power density)

100+ GHz digital also needs
low (Cdepletion AV ) and low (l*Rparasitic [AV )

So, how do we make a transistor with
>1 THz f_ >1THz oy
<50fs C4V /I charging delays

and <100 mV (I"R,.asitic) Parasitic voltage drops ?




THz Transistors:
How do we make them ?



Present Status of Fast llI-V Transistors
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Red = manufacturable technology for 10,000- transistor ICs

popular metrics :
f. or f... alone

RSC (fo + fom) 12
UIUC_SHBT ranra
NTT_fmax USLS

Fujitsu HEMT /- +1 )™

SFU
much better metrics :

UIUC_DHBT o
UCSB 500 nm  POWer amplifiers:
NGST PAE, associated gain,
Pohang MW/ zm
HRL low noise amplifiers:
IBM SiGe F .., associated gain,
Vitesse digital :
UCSB 250 nm  Jewerr NENCE
(C,AVII),
(Rex[c /AV)1
(R,1.1AV),
(z, +7,)



Bipolar Transistor Scaling Laws

Design changes required to double transistor bandwidth

key device parameter

required change

collector depletion layer thickness

decrease 2:1

base thickness

decrease 1.414:1

emitter junction width

decrease 4:1

collector junction width

decrease 4:1

emitter resistance per unit emitter area

decrease 4:1

current density

increase 4:1

base contact resistivity

(if contacts lie above collector junction)

decrease 4:1

base contact resistivity
(if contacts do not lie above collector junction)

unchanged




InP HBT Scaling Roadmans

Key scaling challenges =—>
emitter & base contact resistivity
current density— device heating
collector-base junction width scaling
& Yield !

Rex I(AVI / jr: )

ogic

Parameter scaling | Gen.2 Gen. 3 Gen. 4 Gen 5
law (500 nm) (250 nm) (125 nm) (62.5nm)
MS-DFF speed e 150 GHz 235 GHz 330 GHz 440 GHz
Amplifier center | ! 245 GHz 400 GHz 650 GHz 750 GHz
frequency
Emitter Width 1/42 500 nm 250 nm 125 nm 62.5 nm
Resistivity 1/y2 16 Q-um? 9 Q-pm? 4 Q-pm?2 2 Q-pm?2
Base Thickness 1412 300A 250 A 212 A 180 A
Contact width ~1/y2 300 nm 175 nm 120 nm 70 nm
Doping 70 7101%/cm? | 710¥%/cm? | 71019 /cm? | 7 101% /cm?
Sheet resistance | 172 500 Q 600 Q 707 Q 830 Q
Contact p 1/y172 20 Q-pm? 10 Q-uym? | 5 Q-pm? 5 Q-pm?
Collector Width | 142 1.2 um 0.60 um 0.37 um 0.20 um
Thickness 1/y 1500 A 1060 A 750 A 530 A
Current Density | -2 4.5 9 18 36
mA/pum? mA/pum? mA/pum? mA/pum?
Acollector-"'rA-emitter ":'.'O 24 24 2.9 2.8
2 yl 370 GHz 530 GHz 730 GHz 1.0 THz
fmﬂ 71 490 GHz 801 GHz 1.30 THz 1.5 THz
I —
Ig/Lg 7° 23 mA/um | 23 23 mA/um | 2.3 mA/um
mA/pum
T, 1/y 340 fs 240 fs 180 fs 130 fs
C. /1 1/y 400 fs/V 280 fs/V 250 fs/V 190 fs/V
C AV, /1, 1/y 120 fs 85 fs 74 fs 57 fs
R, /(AV, /1) | ¥° 0.76 0.54 0.34 0.39
C.(AWpu!Io) | 142 | 3801 180 fs 94 fs 50 fs
0 0.24 0.24 0.24 0.24
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200%: InP DHBTs @ 300 nm Scaling Generation

Target Performance:
400 GHz f,
500 GHz f .,

150 GHz digital clock rate (static dividers)
250 GHz power amplifiers

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

.

emitter contact

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

emitter /
o base: base il collector: 150 nm thick
BC d . .
co,,::we — = 5 mA/um? current density
T —te N- drift collector 10 leumz power density @ 2V

N+ sub collector

S.l. InP substrate




2006: 250 nm Scaling Generation, 1.414:1 faster

Target Performance:
500 GHz f_
700 GHz f

max

230 GHz digital clock rate (static dividers)
400 GHz power amplifiers

emitter: 250 nm width, 7.5 Q-um? contact resistivity

.

emitter contact

base contact: 150 nm width,
10 Q-um? contact resistivity

emitter /
iy base: base — collector: 100 nm thick
BC grad . .
Co,,::we — ~ 10 mA/um? current density
J— L it coflector 20 mW/um?2 power density @ 2V

N+ sub collector

S.l. InP substrate




125 nm Scaling Generation— almost-THz HBT

Target Performance:

700 GHz

~1000 GHz f
330 GHz digital clock rate (static dividers)
600 GHz power amplifiers

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

InGaAs base base contact
BC grade

f’C

.

emitter contact

emitter

collector —m |

—o

N- drift collector

—

N+ sub collector

S.l. 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

~3-4 V breakdown (BVCEO)



69 nm Scaling Generation—heyond 1-THz HBT

Target Performance:

1.0THz f

1.7GHzf .

450 GHz digital clock rate (static dividers)
1 THz power amplifiers

emitter: 62.5 nm width, 2.5 Q-um? contact resistivity

.

emitter contact

base contact: 70 nm width,
5 Q-um? contact resistivity

emitter /

collector: 53 nm thick,

InGaAs base base contact
BC grade

35 mA/um? current density
collector ———1 o N- drift collector “~ 70mWI um? power density @ 2V
N+ <ub collector — 2-3 V breakdown (BVCEO)

S.l. InP substrate




THz Transistors:
addressing the key
scaling challenges



Our HBT Base Contacts Today Use Pd or Pt to Penetrate Oxides

TEM : Lysczek, Robinson, & Mohney, Penn State
Sample: Urteaga, RSC
PENNSTATE > ROCKWELL

= ~J SCIENTIFIC

Au
Pd

@*N 50 nm

Gads Pt Contact after 4hr 260C Anneal

100

80 §

60 }

40

-Ga rich Pd,Ga,As
phases (Composition I1I)

Ti.As,

Atomic concentration (%)

20 f- -

(b) Sputter time (mins)

Wafer first cleaned in reducing
Pd & Pt react with lll-V semiconductor

Penetrate surface oxide

50 nm

Today provide 5 (2-um? resistivity (base)
Pt/Au Contact after 4hr 260C Anneal

— investigate better cleaning, alternative
reaction metals

Chor, E.F.; Zhang, D.; Gong, H.; Chong, W.K.; Ong, S.Y. Electrical characterization, metallurgical investigation, and thermal stability studies of (Pd, Ti, Au)-based ohmic contacts. Journal of Applied Physics, vol.87, (no.5), AIP, 1 March 2000. p.2437-44.



Material Lattice mismatch | mismatch
constant to ErAs to ErSb

ErAs 5.7427A ><

ErSb 6.108A D=

GaAs 5.6532A -1.6% -8.0%

InP 5.8687A 2.1% -4.0%

GaSb 6.0959A 5.8% -0.2%

Epitaxial semimetal

similar crystal structure to IlI-V semiconductors
can be grown by MBE

In-situ contacts — no oxides, no contaminants
Lattice matched — few defect states — no surface Fermi pinning
Thermodynamically stable — little intermixing
Well-controlled (atomic precision) interface

Zimmerman, Gossard & Brown, UCSB

ErAs:
Rocksalt
structure

H1-V: ch:é);_
blend
o‘flo 00

structure
© 0 O
Er As

Q. G. Sheng, J. Appl. Phys. (1993)
A Guivarc’h, J. Appl. Phys. (1994)

*A. Guivarc’h, Electron. Lett.(1989)
**C.J.Palmstrgm Appl. Phys. Lett. (1990)



Temperature Rise Within Transistor & Suhstrate

For each doubling in digital clock rate
emitter width 17, decreases 4 :1

HBT spacing D decreases 2:1

Thinning the substrate aggressively allows
acceptable substrate temperature rise

HBT scaling — logarithic temperature increase
j even at 300 GHz digital clock rate
+

140 ] 1 1 1 1

1205 f
100- d
80 -
60 -

“ T =15 umx (160 GHz/f, ,)

20 ~

temperature rise in substrate, Kelvin

O ] T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
100 200 300 400 500 600 700
master-slave D-Flip-Flop clock frequency, GHz



Assumptions :
Transistor spacing : 20 zm - (150 GHz/f,,,,)

T - - -
1000 transistors/IC

1C power =1.5 x ( transistor dissipation)

For each doubling in digital clock rate Total Package Temperature Rise
emitter width 7, decreases4:1 >+ 7\ P
HBT spacing D decreases 2:1 package ( 2 j K. C;;
— chip dimensions 77, decrease 2:1 <
Dhgt

-

AN/

S.1. InP substrat

/\\\://lb

\ C 200 1 1 1 1 1 1 . 1 ‘ 1 1 1 1 ‘ 1 1 1 1
= e e //' % j 12 mA per transistor
e Py \meta! carrier N ) (25 Q logic load resistor) i
o
=]
E i o
At 3 mA per transistor (100 Q2 loading) E
acceptable package temperature rise S 50- 3mA per transistor -
. . S i (100 Q logic load resistor)
with 1000 transistors/ IC o
even at 300 GHz digital clock rate. O T
100 200 300 400 500 600

GHz

clock,



Zach Griffith

UGSB DHBTS: 900-600 nm Scaling Generation

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

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

Gummel characteristics

357 14~ 15 mWim® 20 mW/pm® Ame? Lt ‘1‘;}“”: 0 01§ V,, =00V (dashed)
= L _ I s . sten u 01z B _ 3
303 121 V=0V, AT = 258K~ °°F E Vg =0-3V (solid) d
3 - AT = 228K 104 C
25 —10r e AT = 272K ; -
8 E E B .-\ -!. — 2 _6E E
T.203 S 8k ; Peak f.f s “al —. 10~ =
o 3 2} : e =
'S 15_: Ajbe =0.6x4.3 UI’]’]2 é 6 . Sa -t AT = 207K - 10-8; ;
© 103 1.=206mA,V_=153V Y - 4k .: Tl E =
33 =8.0mAuUM’,V =06V R B H 10-10*% 3
54 e cb §‘\ D I 3 E
4 f =450 GHz, f =490 GHz Y L N E 3
= max LR ’, o fer
0 T TTTTTT] T TTTTI] T TTTT] I o e i B ‘ ‘ ‘
10° 10%° 10 102 0 05 1 15 2 25 3 35 0 0250507 1
Frequency (Hz) VCE (V) Vbe V)
10 T ,"Ivcb =-0.3 V 0.8 psiv __25
8:\“~’o// . ( E ﬁz 40’ VBR,CEO =39V.
C\TE\ i R 2 :_20 Emitter contact R, <10 Q-pm?
Ei 6] e 5150 Base: R, =610 Q/sq, R, =4.6 Q-pm?
- L . 0 [ . - -
E e MQ v I Collector : R, =12.1Qlsq,R_, = 8.4 Q-um?
LA L o o 02V Ey00
O 7 R R v, =06VFE
Zj Ll . B ..-C =02 psN - 5
] Ajbe’=‘0.‘6 x4.3 ;;mz AL =13x65 pm? E
01+ 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?)



InP DHBT: 600 nm lithography, 75 nm collector, 20 nm hase

DC characteristics

20.0 - V,=0V V,, = 0.0 V (dashed)
B V_, = 0.3V (solid)
16.0 R aesfd copra TT T T
B ‘hD 25 5 Th5 1ICI 125 15
< N 2} . J_(mAium?)
€ 1o0F S 154 | =280mA, vV =123V °
=1 YT L] [ o8 .« %
3 N © 109 4 =100 mAm: v =02V
E sof S
()] — »
Lo ] L
: 10° 10'° 10" 10"
4.0 - Frequency (Hz)
- - Peak f
0_0 10-12 I LI L | LI | 1T I 1T | LI I 35 max -’TPT:I'" 300 3 :
0 02505075 1 1.25 0 02 04 06 08 1 30— ] i
V_ (V) vV, (V) ]
ce be m 25- zoof _:_ﬂ'ﬁ:j.: «05V f3
, %25- *.0 'ﬁfémém%.ﬁmié'1'2'.'5'115
= — J_(ma/
Aie =0.65 x 4.3 um?, Ib,stelo =175 pA S15 1 =280mA v =142V N1 A

O 109y =100 mAmm?, v =04V

Average B ~ 50, BVCEO - 3.2 V, BVCBO - 3-4 V (IC - 50 uA) g: f, = 528 GHz, f”m = 363 GHz "'\:‘.L
Emitter contact (from RF extraction), R

o 10 11 12
~ 8.6 Q-pum? 10 10 10 10

cont Frequency (Hz)
Base (from TLM): R_,....=805Q/sq, R _ . =16 Q-um? —
( )¢ R % Reont a RF characteristics
Collector (from TLM) : R, =12.0 Q/sq, R, = 4.7 Q-pm?



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
204 . & PDC,totaI=659'8 mW I
1+ i divider core without S
s 10 output buffer ~ 594.7 mW
a8 ] N
o 0
= :
8 ]
-10 -30 ]
5 -10
20 o ]
£ -30 g% £ ]
2 | 8 c -20
= -40 5 50 S5 S A S
5 5 60 g SOfﬁ probe station 1]
g 2 S 1 chuck@25°C v
s " S 70 R | ,
-0 Y VT e T 40
Yo Lkl o (S S -80- 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)




179 GHz Amplifi ith 300 GHzf .. M DHBT
z mn I Iers WIt z max esa s V. Paidi, Z. Griffith, M. Dahlstrom

: 7 dB gain measured @ 175 GHz |

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

power K

S0 PR
140 150 160 170 180 190 200
freq, GHz
2 fingers x 0.8 um x 12 um, ~250 GHz f_, 300 GHz f ., V,, ~ 7V, ~ 3 mAlum2 current density 7-dB small-signal gain at 176 GHz
' 15 gt g 1 dBm output power at 6.3 dB
: gain
104
m
= N
8 54 .
2k
o 0 :
U)N

140 150 160 170 180 190 200
Frequency, GHz




290 nim scaling generation DHBTS

n

s g

L £9011 =00B2 O8O0l

e "amrfiif'ﬁ"{lﬂrgﬁw ""-'I.E-'rl';r lf o R

1=
8
=
o
=
=
=
B
=
=
o
Z
)
&
=
P
=
3

“AccY SpotMagn  Det WD Exp |
100kY 3.0 11300x SE 142 1 DHBT-35

=]
i
3]
=
=
=
=
"
=
]
=
=
£
3
s

e S B e et T _—
&
3

100 % I-line lithography
Emitter contact resistance reduced 40%: from 8.5 to 5 Q.pm?
Base contact resistance is < 5 Q-um? --hard to measure

Recall, 1/8 um scaling generation needs < 5 Q-um? emitter p,




0.30 pm emitter junction, W._/W, ~1.6

Acec SpotMagn Det WD Exp | | 2 um
100kY 3.0 9000x TLDB3 1 0.30 um emitter, 0.47 um collector




First mm-wave resuits with 230 nm InP DHBTS

150 nm material
250 nm emitter width <

L2l L R St

AccY SpotMagn  Det WD Exp |
10.0kvY 3.0 11300x SE 142 1 DHBT-35

o = 690 GHZz
~6 V breakdown
30 mW/um? power handling

results submitted postdeadline to 2006 DRC, E. Lind et al

f = 420 GHz




04—ty e 1075

Thin-film microstrip lines

Output P, = 50 mW (17 dBm)
10-dB associated power gain
use the 650 GHz f__, transistors

Output Power

Gain (dB), Output Power (dBm)

Input match . __ Loadline match é;
-ttt I I I —
| | | | N

M, 650 N
_l_ | | i (/)

| | | U)‘_'
! ! N Vhias| ! ~
| | | I B
[ I I | w .
I I . - | [
| | | :
| | N | _10 ||||||||| L L | 1
Tt 3 o . 260 280 300 320 340 360

Frequency, GHz

(%) 3vd



Frequency Limits of Bipolar Integrated Giruits

Done:
~475 GHzf & f .,
150 GHz static dividers
160 Gb/s MUX & DMUX (Chalmers/Vitesse)

250 nm results coming very soon.
expect ~200 GHz digital clock rate, 340 GHz amplifiers

THz transistors will come
The approach is scaling.
The limits are contact and thermal resistance.




Performance Parameters for Fast Logic & Mixed-Signal

Gate Delay Determined by :
Depletion capacitance charging
through the logic swing

(%ZGZCJ(C@ + Cbe,depletion)
Depletion capacitance charging
through the base resistance
Ry, (chi + Cbe,depletion)

Supplying base + collector

stored charge

through the base resistance

Rbb(fbﬂc)[A lc j

VLOGI C

The logic swing must be at least

AVvLOGIC > 4 ) (k—T + Rex]cj
q

i

ut

%M

in
cﬁkw clock clockw

clock

(r, +7.) typically10 - 25% of total delay;
Delay not well correlated with f,

(AV, o000 /T NCoyp + C o )i 55% -80% of total.

High (1. /C,, )is a key HBT design objective.

R, must be very low for low AV,

ogic

at high J

Design HBTs for fast logic, not for high f, & f__.



Gain.....under large-signal conditions Breakdown AND power density
30 ; . . . . . . — . . . E 10 i I | “ I I | ‘\ I | I | I | I | I | I |
25 g i
: S I
m 20 ¢ - - 6.8 VBVCEO |
v 5 61 , N
i : . 20 mW/um
< 4, - Common emitt ]
=7 e Common base e | ~
O L ~ | B
) F 04
=10 | D
- Common Collector ) _ ~ T
57 i
O E T O i 1 | —
10 100 o 1 2 3 4 5 6 7 8
Frequency, GHz
V. V)

...gain is less than MAG/MSG... P = (1/ 8)(Vmax —Vi )[ max



