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Future CMOS Priorities w

High Performance

High drive current | Iy /W, | for wiring {
Low gate delay| CrerAV/ly | for local

Low Parasitics
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Capacitance - already 1-2 fF/um R < XX |drain
Resistance - already ~50% Rtot L gate
Leakage Currents - now 50% power _ R

____________________________ o -

Compatible with Existing CMOS

High

Growable on

packing density

-width & contacts small

Si substrates
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S i I e FET S Cal i n Goal double transistor bandwidth when used in any circuit l l C S B
— reduce 2:1 all capacitances and all transport delays
mp g =

— keep constant all resistances, voltages, currents

T reduce 2:1 all lengths,
« > widths, thicknesses

En ™ (€/ Ex)vng » Jm, Iy held Cons‘tﬁnt V" (doubles mA/[m, mS/(m)
Gy ~CyopVu /Ly ~EW,v, /L,
Cgs ~ EWng /T

v

held constant

reduced 2:1

v

Cps~Co ~EW, » edge capacitances reduced 2:1
C,,~C,, ~€W, L I/T, —» substrate capacitances reduced 2:1
Rs ~ psheeth /3Wg + pcontact /Lch » must reduce >C 4:1
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“External” Resistances are Critical w

Coverlap Cfringing

Source ) Lg X Drain
Gate \4
Dielectric, & to] X

A =S
n* 4 S AA- AN~ | Channel (p or NID)|]x; n*

Rc f ! Cox Back Barrier
/ Rsp & Rif & Rq

Raccess

Resistances constant = Resistivities must scale as 1/L42:
» Contact resistance Rc

* Access & spreading resistance

» Interface resistance & source

starvation
° SL-....:.. e mrmblae oo [aissomvaldt o o
[~ (10113 /g
CRW-= Tr,zi As _ Tl',}:l II|2 _ (52 Q- pm) ||10 /cm
qg- 2 q \| n, ‘\l n,
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Transconductance Scaling Challenges UCsSB

gm ~ (1/Cg-cn)vinWgy | ._.Should stay constant (double mA/um)

1 1 1 1
But voltage divider exists: =

+ +

T Sermhar o Grite f __— Coxscales as 1/EOT ...EOT scales poorly @

Channel T ——— Csemi~ Echan'LgW/d ...Smaller @

T~ 2mh?
Bottom Barrier Codos = o LW  Smaller @

Thick channel Thin channel
low
tgw d

CB CB
d ; ‘
S “‘%efunction pushed away from

Elj __ ‘ __ N gate

Csemi scales poorly

Similar problem with overlap & fringing capacitances.

Solution: Increase vin using new material.
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MOTIVATION FOR REGROWN FETs



Device Choice: Why not HEMTs? UCSB

Wide recess— okay DIBL, subthreshold slope, Cgd

Wide contacts— Rc okay even with poor contacts } Not scaled

— 1000 nm ——— > <&— 50 nm —>» <&— 35 nm ——>» <«&— 50 nm ——>» <«&— 1000 nm

carrier

gate depletion

source recess in recess drain

'T‘I _
p— /

) 5 0.0 005”0 Oo' 0g° Yoy o 00 4. O 0. 0.0 O
%00 %0 9° 00280 %0 00 %o e 0o %00 ©0 %° ,9¢

Injection thru barrier Low gate barrier
Long recesses, lightly = Limited carrier density
doped
= high Raccess

(OHEMTs obscure scaling issues.
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Scalable I11-V FET Design UCsSB

Classic lll-V FET (details vary):

Large Area Contacts

Large Raccess A
lsourCT B Gap . Gate ~— @, Advantages
Large Rc ' Top Barrier or Oxide : of lll-V's
AV WV Channel  \W——MW  Disadvantages
o Bottom Barrier of lll-V’s
Low InAlAs Barrier
doping

llI-V FET with Self-Aligned Regrowth:

High Velocity Channel Hfigh barrier
Small Raccess Self-aligned
Small Re cate /
_ o . High-k ¥ |
High mo?llsy 7 n+ Regrowth _$ Channel V\/\/Ié
access regions / A In(Ga)P Etch Stop

/ \ InAlAs Barrier \

Low sheet resistance;

. 413 D L .
High doping: 10" cm 2D injection avoids dopants active as-grown

avoids source exhaustion source starvation
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Big Picture: Salicide-like Process UCSB

>

Analogy: Self-aligned silicide (salicide) process:

Salicides Regrown Contacts
Metal Gate Advantages: Source Contact Metal Gate
Highk | .. Self—allgngd High-k
— TS No e- barrier — T
I CMOS-safe metals Regrowth| |
Barrier

Take from Silicon: Break from Silicon:

Unlike classic llI-V devices: No implantation
Avoid liftoff Insufficient doping
Dry etches Surface damage

Self-aligned processes Annealing is no panacea
Surface channels Encapsulate gate metals

Do llI-V fabrication in Si-like fashion. Ar_senic capping
Ship wafers for high-k
Strain is cheap
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llI-V Benefits and Challenges
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Channel Roughness Scattering UCSB

*Challenge: Sixth power (!) scattering from interface
roughness:
M~ (1IMscat)2 ~ 1/(GEIOW)2 ~ WO (coid ssc 1087

*Trend weaker in shallow or narrow wells (LissT2005)

= . & 1.1x10"%/cm? - B
/)l'—“i\\ g 0007w | 210" %em?
: : > 4000 -
mﬂ“— = 3000 f/’/
| | R e
) % 20004 Fit; ~w1.99 B
> 000
0 1
3 5
*Screening helps too Channel Width (nm)

Does not seem to be a problem for 5nm InGaAs
v wiehrannels.




Drive Current in the Ballistic & Degenerate Limits

3/2 2
J=Kx (84 mAj (Vgs _Vthj where = (m Ul j
pm v E (Caoso /Cox ) (m /m )]
0-3 _ 1 1 1 | I I I 1 -
: n=1 EOT=0.2nmE
0.25 —

-eot includes the
- electron wavefunction depth

0.2-

_: 1 nm

0.01 0.1 1

0
Inclusive of non-parabolic band effects, which increase . ,

InGaAs & InP have near-optimum mass for 0.4-1.0 nm EOT gate dielectrics

Rodwell IPRM 2008



High Mobility in Narrow InGaAs Channels UCSB

Hall Measurements

No Shubnikov-de Haas 7000 - . —
Oscillations Channel QW & Symmetric QW
O.14 = 6000 - thickness: —»—  Asymmetric QW
4K [ 5nm

< 012 — 50001
-E 0.1 T “::' inm g
@ 0.08 { £ 4000+ \
= - anm \
E 0.08 2 3000
é 0.04 1 & 5nm \

0.02 E 2000 o INAIAS
0— : © \ mobility:
610 5 0 3 1c 18 1000 anm 346

Magnetic Field (Tesla) 0 -
O Electrons occupy multiple channels 1x10™ 1x1012 1x10™3 1x1014
Elecron Concentration (em™®)

O But electrons aren’t in InAlAs...?

* Unclear whether high mobility is in nharrow channel
* Unreasonable simulation difficulty.
— Nonparabolic bands, degenerate statistics, bandgap renormalization, screening...

*Need FET to remove uncertainty: eliminate doping altogether.
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Regrowth Interface Resistances UcsB

Interface resistances tested in separate blanket regrowths (no gates):

In-situ Mo Contact }.<1 A - [m? 25 nm regrown InGaAs R,,=70 A/sq
Source Drain
Contact Metal Gate Contact
L) High-k [ 1]
n+ Regrowth InGaAs J

InP or InGaP etch stop

InAlAs barrier

InGaAs-InGaAs re-growth resistance <1 A - [m?2
InGaAs-InP re-growth resistance = 6 A - (m? (on thick InP).



FABRICATION PROCESS FLOW
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Process Flow: Gate Deposition

High-k first on pristine channel.
Tall gate stack.
Litho.

Selective etches to channel.

Critical etch process:

Cr

SiO2

Metals

Er

Stop on channel with no damage

M. Wistey, Spring ECS 2009

NID InGaAs Channel

InP/InGaP etch stop

InAlAs barrier

InP substrate
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Gate Stack: Multiple Layers & Selective Etches w

Key: stop etch before reaching dielectric, then gentle low-power etch to stop on dielectric

resist Cly /0, Damage free
etch InGaAs Channel
SF./Ar after dry etch
etc ,
8102 Cl 2 /0 2
etch
Cror Hf *
SFe/Ar —N R ) olectri
dielectric
etc?t 1 etch
gate dielectric
InGaAs well
InP well FIB

barrier Cross-section
S| substrate S0k 200 6

M. Wistey, Spring ECS 2009 Rodwell IPRM 2008



Process Flow: Sidewalls & Recess Etch UCSB

SiOo,
SiNx or SiO2 sidewalls SiNx
Encapsulate gate metals o

Metals

Controlled recess etch \ £
Elotw facdetdp:canzs o o FET Channel
ot needed for depletion-mode FETs

InAlAs barrier

InP substrate

M. Wistey, Spring ECS 2009 19



Surface Preparation Before Regrowth

UV-ozone (20 min)

HCI:H20 1:10 etch (60 sec)
H20 rinse, N2 dry

Bake under ultrahigh vacuum

Hydrogen cleaning
10 Torr, 30 min.,
400°C (InP) or 420°C (InGaAs)

Thermal deoxidation may work also.

M. Wistey, Spring ECS 2009

Si02,
SiNx

Metal

o

Channel

SiO2,
SiNx

Metal

o

Char;nel

SiO2,
SiNx

Metal

c

Char;nel

HCI+H20 (1)
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Clean Surface Before Regrowth UCSB

W/ Cr/ SiO, gate

InP etch
stop

\

AccN  SpotMagn  Det WD Expl f——— 500 nm
S00KY 30 50000x TLD G4 1 OT005A1_AROS_bef_rg

Clean, undamaged surface after Al,O, dielectric
etch & InGaAs recess etch.

M. Wistey, Spring ECS 2009 21



At Last: Regrowth & Metal

Regrow n++ InGaAs

Doping: n~3.6x10" cm (Si~8x10'% cm™)
V/I ratio=30

Tsub = 460°C

RHEED before growth

Blanket metallization:

Either in-situ Mo or ex-situ TiW

_Singisetti APL, submitted, or Crook APL 2007
M. Wistey, Spring ECS 2009

SiO2,
SiNXx
— Metals —
Mo
n++ Er n++
InGaA Channel MmGaA

InAlAs barrier
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InGaAs n+ regrowth 50nm

InGaAsn+100nm

Susanne Stemmer, JamesLeBeau

20 nm

Regrowth on processed but unpatterned InGaAs.
No extended defects.
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Removing Excess Overgrowth ucss

1. Spin on thick polymer

Approach #1: l2 Mo & InGaAs Etchl
Remove it
Sio2 Polymer Si02
Height-selective etch Metal Metal
Wistey%lBE 2008 & Burek JCG 2009 Rearo Oxide Oxide
nGaAs Regro nGaAs
InGaP etch stop InGaP etch stop

InAlAs barrier InAlAs barrier

Approach #2:
Don’t Grow It

Quasi-Selective

growth
Wistey EMC 2009
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Regrowth on InP vs. InGaP

InP regrowth RHEED InP regrowth SEM

AccV SpotMagn Det WD Exp |—— 200nm SEM: U. Singisetti
500kY 30 80000x TLD50 1 080221A _bad _rg_on_2nm_InP

e Conversion
of <6nm InP
to InAs

 Strain
relaxation

InAIAS barrier

M. Wistey, Spring ECS 2009 25



Regrowth on InGaP UCSB

Converted
from InGaP

* Replace InP with InGaP

« Converts to InGaAs
(good!)

 Strain compensation

Wistey EMC 2008

InAlAS barrier

InGaP regrowth RHEED InGaP regrowth SEM

AccV SpotMagn Det WD ——— ] 500 nm
100 kv 3.0 65000x TLD 59 080513D_"02"_InGaAs_regrowth




DEPLETION-MODE MOSFETS
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Scalable InGaAs MOSFETs w

x 300 nm SiO Cap
» 50 nm Cr
Mo S0nmW Mo
SnmADROs
n** regrowth  InGaAs Channel, NID  n** regrowth

3 nm InGaP Etch Stop, NID
10 nm InAlAs Setback, NID
5 nm InAlAs, Si=8x10 cm™
200 nm InAlAs buffer
Semi-insulating InP Substrate

Top view SEM Oblique

i\
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Scalable InGaAs MOSFETs EQ_;E

x 300 nm SiO2 Cap
n 50 nm Cr . . : .
vE S0 MW 0 Conservative 1c‘;‘)!opng design:
5 nm Al>O3 ° [SI] =4x10"° cm-
n** regrowth  InGaAs Channel, NID  n** regrowth . = 13 2 5> Di
3 nm InGaP Etch Stop, NID Bulk n = 1x10 .Cm . Dit
10 nm InAlAs Setback, NID * Large setback + high doping
5 nm InAlAs, Si=8x10*° cm™® = Can’t turn off

200 nm InAlAs buffer
Semi-insulating InP Substrate

10 | | | | | | 2
- L =1.0pm, W =7pm et
- g g -------
_ = = DR _ ¥ .= - ~0.9um
87 Vo VIOV e 0OV il s VM s 08m
Tl I Vgs=0.75V 48 ceeeer] 0.70M
~ 6- R T SR PEE SR ' 0.6um
E ] R L LA 0.50m
@ ] R esgiitt 0.5pm
® 4 el -
| T :iii!! Ipm
L
i
0 1h
T T T \
0 0.5 1 1.5 2

Vds
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Series Resistance w

13 (2) 5000 (b)
== 4000 -
— 1 1 E
:% < 3000
E <
—~ 05+ 10 um £ 2000
e :‘:m
1000
0 Vgs=3V, W=Tum 0.71 kQ2-um
0 i 2 o . . I‘Vgs—BIV, W—I?um
vV, (Volts) 0 2 4 6 8 10 12
L (pm)
x| 300nm Si: Cap Possible causes:
D 50 nm Cr —
Mo 50 nm W | — Pol_y n_ucleatlon at gate
S NMm ALO3 <——— Thinning near gate
n** regrowth  InGaAs Channel, NID .. ) ]
3 nm InGaP Etch Stop, NID Strain-induced dislocations
i Incomplete underfill
InAlAs bufter Insufficient doping under sidewall

Now known to be a growth issue. See DRC & EMC 2009 for solution.
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The Shape of Things to Come UCsSB

Generalized Self-Aligned Regrowth Designs:

Recessed Raised
Gate Gate | |
| | Top Barrier [ ] Top Barrier
n+ Regrowth Channel Channel
Back Barrier Back Barrier
Substrate Substrate

 Self-aligned regrowth can also be used for:
« GaN HEMTSs (with Mishra group at UCSB)
« GaAs pMOS FETs
*InGaAs HBTs and HEMTs
* All high speed llI-V electronics

M. Wistey, Spring ECS 2009 31



Conclusions UCsSB

« Scaled IlI-V CMOS requires more than reduced
dimensions

* InGaAs offers a high velocity channel, high mobility
access

 Self-aligned regrowth: a roadmap for scalable IlI-V
FETs

—Provides llI-V’s with a salicide equivalent
—Can improve GaN and GaAs FETs too
 DFETs show peak gm = 0.24mS/um

* High resistance (a growth problem) limited FET
performance

M. Wistey, Spring ECS 2009 32
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Conclusions UCsSB

« Scaled IlI-V CMOS requires more than reduced
dimensions

* InGaAs offers a high velocity channel, high mobility
access

 Self-aligned regrowth: a roadmap for scalable IlI-V
FETs

—Provides llI-V’s with a salicide equivalent
—Can improve GaN and GaAs FETs too
 DFETs show peak gm = 0.24mS/um

* High resistance (a growth problem) limited FET
performance
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