o u

InGaSb p-Channel Self-Aligned FinFETs
with 10 nm Fin-Width
Using Sb-Compatible Digital Etch

W. Lu?, I. P. Roh?, D.-M. Geum?, S.-H. Kim?, J. D. Song?, L. Kong?,
and J. A. del Alamo1

IMicrosystems Technology Laboratories, MIT

?)_rr): An >ors: ’Korea Institute of Science and Technology
KIST December 5, 2017

[
Lam Research l I
SRC



Outline

Motivation

Key technology: IlI-Sb-compatible digital etch
InGaSb p-channel FINnFET fabrication
Electrical characteristics

Conclusions



A Case for IlI-Sb

Electron mobility Hole mobility in QW-FETs

Properties of IlI-Sb:
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Challenges: IlI-Sb Digital Etch
W. =5nm D =5nm D=8nm

[Vardi, IEDM 2017]
[Lu, EDL, 2017]

Digital etch: key of sub-10 nm InGaAs transistors



Challenges: IlI-Sb Digital Etch

XSEM of InGaSb FinFET

InGasb—  30nm

[Lu, IEDM, 215]
* W; limited by EBL and RIE



Challenges: IlI-Sb Digital Etch

XSEM of InGaSb FinFET W =30 nm, L, =100 nm

300 —
V. =05Vto-35V

[Lu, IEDM, 2015] ' | 08 04 00
* W, limited by EBL and RIE Vs (V)

o Suffers from large off current
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HCI Digital Etch on IlI-Sb

* Previous research: HCIl cleans GaSb surface

Nainani, 1ap 2011]  GaSh MOSCAPs
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HCI Digital Etch on IlI-Sb

* Previous research: HCIl cleans GaSb surface

GaSb MOSCAPs 1x10°r  V,_=-1.05V
As-ls HCl | \
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s i = | |
09 — 10kHz e 0 TS - ~ after HCI
£ 08 —— 100kHz S 4| <§. 1x10°
30.7_ — 1MHZz ,_3,0'7_ y = [
® Q ) I I
© 0.6] § 06 —— 1kHz -
2 - S g5| —— 10kHz
i:‘j- ——— §0‘ —— 100kHz
ST o N —— 1MHz 1X101
R S S N N NS B B R ST R N I R R BN -3 -2 -1 0 1
Voltage (V Voltage
oltage (V) ge (V) V. (V)

FIinFETs: only mild improvement of off current
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Issue with HCI Digital Etch

e HCI etches the InGaSb sidewall
After RIE 1% HCI 30s
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Issue with HCI Digital Etch

e HCI etches the InGaSb sidewall
After RIE 1% HCI 30s DI water 2 min

InAs 258
| InGaSb —

ar i

Water-based HC| problematic for I1I-Sb DE
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Alcohol-based Digital Etch
After RIE 10% HCI:IPA 2 min

=)

[Lu, EDL, 2017]
e Self-limiting process

* No damage on the sidewall
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Alcohol-based Digital Etch
First digital etch on [lI-Sb: HCI:IPA + O, plasma
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Digital Etch Cycles
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Alcohol-based Digital Etch
First digital etch on [lI-Sb: HCI:IPA + O, plasma
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Digital Etch Cycles
Etch rate {, after multiple DE cycles
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Alcohol-based Digital Etch

3 cycles 10 cycles
r=1nm/cycle r=0.2 nm/cycle

No DE

HSQ

InAS
InGa$s

AlGaS

e r(I1I-Sb) {, after 3 cycles
o r(IlI-As) >>r (llI-Sb) .



Sb-compatible Digital Etch

Oxidation of GaSb:

°|n air:
-Ga,0,, Sb,0,

[Liu, JVST B. 2002]



I1I-Sb-compatible Digital Etch

Oxidation of GaSb:
*|n air:
-Ga,0,, Sb,0,
*|n strong oxidation agents:
-Ga,0,, Sb,0,, Sb,0. (insoluble in aqueous acid/alkali)

[Liu, JVST B. 2002]

DE = oxidation + dissolution, both critical for 111-Sb!



I1I-Sb-compatible Digital Etch

Survey of digital etch combinations:

Oxidation Oxide etch

UV ozone

HZOZ

HZSO4:methanoI
Citric acid:IPA

Acetic acid:IPA

Organic peroxides

HCI:IPA

O, plasma

O, atmosphere

Best results: RT O, atmosphere + HCI:IPA



I1I-Sb-compatible Digital Etch

O, oxidation + HCI:IPA, IPA rinsing

2 cycles 4 cycles
No DE r=2nm/cycle r=2nm/cycle

HSQ

InAs I

InGaSb

AlGaSh

r (I11-As) = r (11I-Sb)
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INnGaSb FINFETs

Heterostructure (MBE at KIST)

p+ INAs/INAS, gsSby 15

CIngLAlggS
_1 10 :

Ny ,sGag -sSb i ch.]z./;;tr::]n

- Composite cap

Graded buffer

GaAs Substrate

* Channel u,=1175cm?/V-s
o Buffer/channel resistivity ~ 10°
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INnGaSb FINFET Process

e Ni Ohmic contact

* Si0, spacer

e Gate recess (dry + wet)
* Fin RIE

+ Digital etch InGaSb channel
 Al,O,/Al Gate stack
* Via + metal

Gate stack SiCl)zw

Buffer

24



Ohmic Contacts
Ni contacts, 350 °C RTA, 3 min

Ing ,Alp gSb 6 nm

: ~—~
S .
9 .3- E
p*-InAs, 5sSbg 15 30 nm (Be 3-10%9) ! G : W /.
N
S|
i nd

2 Ni [MIT '15]
10°F v
N_=3-10" cm” :
[Guo, EDL, 2015] 0 R, = 22 fxum o_
0 5 10 15 20 0 100 200 300 400
o
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R. =22 Q-um =2 4x reduction of R_ from 2015 FinFETs
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Fin EtCh

BCl;/N, 13.5:5.5, 250°C BCl,/Ar/SiCl, 3:11:0.4, 250°C
[Lu, [IEDM 2015] This work

50 nm InAs__

High-quality simultaneous InAs and GaSb etching
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INnGaSb FINFET Process

Finished devices

* 3.5 nm Al,O, gate dielectric
e Final FGA anneal at 150 °C for 3 min
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INnGaSb FINFET Process

* Narrowest W, =10 nm
* Fin AR=2.3
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Electrical Characteristics
Wi=10nm, L, =20 nm, N¢=1

200r  V_=-1VtolVin0.4Vstep 10° Vos =05V -
_VDS =-50 mV 200
~ 150
&
=
33%100
min = CDE [
260 mV/dec S0
0 '1 [ » [ » [ O 1 : [ M [ §
-1.0 -08 -0.6 -04 -0.2 0.0 10 -0.5 0.0 0.5 -10 -05 00 05 1.0
Vs (V) V. (V) Vas V)
e S~260 mV/dec
* Brnmax= 160 uS/um

e Single fin device: current fluctuations 29
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|, (LA/um)
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Electrical Characteristics
Wi=10nm, L, =1 pym, N; =100

Ve =-1V1to1Vin0.4V step

1.0 -08 0.6 04 -02 0.0
Vs (V)

|5 (LA/um)
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W:=30nm, L,=1 ym

1.0 08 06 -04 02 00
V. (V)

Significant improvement over 15t gen FinFETs
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V; Scaling

I , 100 , 1000 ,

L, (nm) :

W | = better V; roll-up
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Off-state Current

W:=20nm, L,=1 pm

10? 3
[ 0 DE cycle
10'F
= |
- [
1 5
< 10°
3.
N
—D B
10tk 1 DE cycle
1072 e
-1.0 0.5 0.0 0.5 1.0

1 DE cycle significantly improves off current
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Off-state Current

W:=20nm, L,=1 pm

4 DE cycle

10-1;_ 1 DE cycle

Device degrades after multiple DE cycles
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Off-state Current

W;=20nm, L, =1 pm 3 cycles of DE
1025' E
10 3
N
3 ! 4 DE cycle
3 -
o |
10tk 1 DE cycle
Vs (V)

e Buffer is damaged after multiple DE cycles
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Off-state Current

W;=20nm, L, =1 pm 3 cycles of DE Exposure in air
: after fin etch

10° 3

L 0 DE cycle
10* 3
| (
[ 4 DE cycle
I 10° Y
=
o |
10tk 1 DE cycle
2 I TP S TR
10-1 0 0.5 0.0 0.5 1.0
Vs (V)

e Buffer is damaged after multiple DE cycles
e AlGaSb is very reactive 4



Off-state Current

10"
%— L, =1 pm
€ 1w W, =100 > 14 nm
wsa ]2 \ |
S 10
InGaSb ~
— 107 M
103 ............

06 -04 -02 00 02 04 0.6
Vi (V)
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Off-state Current

10*
L,=1pm
€ 1w W, =100 = 14 nm
HSQ 2 f
1]D1
InGaShb :;

No InGaSb channel AlGaSb

103!
06 -04 -02 00 02 04 06

Ves (V)

Buffer leakage contributes substantially to off current
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Benchmark

Normalized by conducting width

300 This work 7
* L FinFETs

—~ 200} MIT CSW ’17

E [ ]

El | Planar

m _ o

= ’

o _ MIT IEDM ’15

:
0

0 50 100 150 200"
W, (nm)
Record g, =268 puS/um at W;=46 nm
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Normalized by conducting width

300

S/um)

Z 100

0

0

This work
*

o MIT CSW ’17

_/K
_ MIT IEDM ’15

- FinFETs

Planar
o

50 100 150 200

W, (nm)

g,/W, (uS/um)

0

Benchmark

Normalized by W;

This work

FINFETs

A

A PE— 1/
0 50 100 150 200
W, (nm)

Planar

If normalized by footprint, g, = 704 uS/um at W,= 10 nm
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Conclusions

e Studied sidewall cleaning of InGaSb FinFETs
— [1I-Sb-compatible digital etch
— Etching rate = 2 nm/cycle
— Mitigation of surface leakage
* Demonstrated most scaled InGaSb p-channel FinFETs
— Minimum W; =10 nm
— Record device performance
— Improved subthreshold performance

* Face challenge: to improve turn-off characteristics
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