nm width
<>
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SIZE-DEPENDENT RESISTIVITY IN NARROW FINS
AS PROBED WITH MICRO-FOUR-POINT PROBE

24 pm distance
SiO2

].BOGDANOWICZ, S. FOLKERSMA, S. SERGEANT,A. SCHULZE,A. MOUSSA, C. MERCKLING, B. KUNERT
W.GUQO,Y. MOLS, D. H. PETERSEN, M.-L. WITTHOFT, O. HANSEN, H. H. HENRICHSEN,

CAPRES A/S P. E. NIELSEN AND W.VANDERVORST N
’ COPENHAGEN APPLIED RESEARCH Department of Micro- and Nanotechnology
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PARADIGM SHIFTS IN THE ELECTRICAL CHARACTERIZATION OF
SOURCE/DRAIN REGIONS AND EXTENSIONS

p=resistivity
p=resistivity
Substrate

D
Substrate
“macro” 4 point probe « ’ R< Rs
N macro
) 4-point probe
R, =plt R
“micro” S
4-point )
probe Time
Up to ~ 100 nm node 100-28 nm nodes 22-? nm nodes

>
‘mec  Planar technology (MOSFET) 3D technology (finFET)
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) 4-point probe
R, =plt R
“micro” S
4-point )
probe Time
Up to ~ 100 nm node 100-28 nm nodes 22-? nm nodes

>
‘'mec  Planar technology (MOSFET) 3D technology (finFET)



PARADIGM SHIFTS IN THE ELECTRICAL CHARACTERIZATION OF
SOURCE/DRAIN REGIONS AND EXTENSIONS

p=resistivity
p=resistivity
Substrate

(D
Substrate Substrate
“macro” il\pOint probe “macro” R< Rs METRO LOGY GAP:
4-point probe Electrical characterization

— of semiconductors
Rs _plt .
=R, in confined volumes
“micro” :
4-point right after growth
probe Time
Up to ~ 100 nm node 100-28 nm nodes | 22-? nm nodes

>
‘'mmec  Planar technology (MOSFET) 13D technology (finFET)



MICROHALL-A300 TOOL OF CAPRES:
FULLY AUTOMATED IN-LINE MICRO FOUR-POINT PROBE

Advantages of micro-probes:

* Better accuracy on ultra-shallow layers (reduced leakage)
e Measurements on blanket but also in pads (> 20x35 um?)

“mmec



MICROHALL-A300 TOOL OF CAPRES:
FULLY AUTOMATED IN-LINE MICRO FOUR-POINT PROBE

3 u 7

Advantages of micro-probes:
* Better accuracy on ultra-shallow layers (less leakage)
e Measurements on blanket but also in pads (> 20x35 um?)

* Microprobes can be aligned to a nm-wide conductive line
‘unec




OUTLINE

* Basics
* Proof of concept : P+N Si fins

* |leakage information : P+P Si fins

e llI-V fins



MICRO FOUR-POINT PROBE MEASUREMENT

IN CONFINED VOLUME 28 A
D.H. Petersen et al., 1, /
J.Appl. Phys. 104,013710 (2008) *fla-zii
Configuration A: ANONCNLN w<<d,,

Potential distribution
inside the fin

* fin resistance between pins 2 and 3 is measured

“mmec



MICRO FOUR-POINT PROBE MEASUREMENT
IN CONFINED VOLUME 234

D.H. Petersen et al.,
J.Appl.Phys. 104,013710 (2008)

Configuration A:

Potential distribution
inside the fin

* fin resistance between pins 2 and 3 is measured

“mmec



MICRO FOUR-POINT PROBE MEASUREMENT
IN CONFINED VOLUME

D.H. Petersen et al.,
J.Appl.Phys. 104,013710 (2008)

Configuration A:

Potential distribution

[
inside the fin //

'd23

NN

Configuration B:

* fin resistance between pins 2 and 3 is measured

* Same resistance measured in a and b configurations (Ra/Rb=1)



R,/R, RATIO AND DIMENSIONALITY OF THE CURRENT FLOW

D.H. Petersen et al.,
J-Appl.Phys. 104,013710 (2008)

1.3 Ra/Rb=1.26
1.25 2D
1.2 /
g 1.15 fins blanke!;
S 1l '
I ’OT Ra/Rb=1
ID
0.95 :
0.01 0.1 | 10 100 1000

Fin width/pin distance
* Ra/Rb=1.00 - ID current flow (fin)

* Ra/Rb=1.26 - 2D current flow (blanket)
* Information about leakage can be extracted based on Ra/Rb>1




OUTLINE

e PBasics

Proof of concept : P+N Si fins

leakage information : P+P Si fins

[11-V fins



TEST SAMPLE: B-IMPLANTED SI FINS (P+N)
NN Beaomemy N NCNN\\L Y\

10 fins of 500 nm width 10 fins of 20 nm width

Probe scan diection

|0x 500 nm 300nm 200nm 150 nm 120 nm 100 nm 80 nm 60nm 40 nm 20 nm

lines
- m Rs=314 ohm/sq 5




B-IMPLANTED FINS : EXPERIMENTAL
300000 oo

30000

(ohm)

(R,*+R,)/2

3000 ° ’
200

“mmec



B-IMPLANTED FINS : EXPERIMENTAL

300000 . L8

d ?’0 nm

o E 120 nmgadied 30 o

f«: -830000 200 nmlwwnm

€~ 300 nm, "
3 0500000 qm‘ oe

3000

0 50 100 150 200

* All widths captured

* Measured resistance increases with decreasing width

“mmec



B-IMPLANTED FINS : EXPERIMENT VS THEORY

300000 4, o=t
\ /\
S N _ Resisor moser _ [EZN
En_g 30000 N J\. . : R=R_P3dxd,;/W |
X Lo, —WW—
oc ~ T~ '_ ________
N~ T =~ _ R pad=
------ _! - El4_ohmlsq
3000
0 200 400 600

Fin width (hm
* Resistor model fits the measured data -> resistivity +- independent from

dimension (mostly geometrical confinement)

“mmec



B-IMPLANTED FINS : EXPERIMENT VS THEORY

R P2d=3 |4
300000 "\. . ° T=450 oc’ Is) ohmlsq
v * T=1150 °C, 7 laser scans
e~ pal o g d,,
= v\ i ®* T=1250 °C, 7 laser scans
- "N, |-----d----,
f = 30000 \:\. V4 . R=R P2xd,;/W |
« O RS | —VVVV—
o~ °R “’4 ~SQ L L D e -
N’ ‘*. 4 \. - L - - Rspad=
Rspad= " < =~ §.§ - R@:‘ = an e -! - E|4 ohmlsq
3000 57 °hmisq ~So ~ & _J35 ohmisq - =
0 200 400 600

Fin width (nm
* Resistor model fits the measured data -> resistivity +- independent from

dimension (mostly geometrical confinement)
* Annealing lowers the measured fin resistance
“umec




SHEET RESISTANCEVS FINWIDTH: B-IMPLANTED Si FINS
600 e T=450 °C, I5’

8 . ® ® T=1150 °C, 7 laser scans
c — R l ®* T=1250 °C, 7 laser scans
g o 400 ° . ! l ™
L | ¥ BT DR T -
200 , o s
E'S --l-,r;if—'——-! ————— ----—----=-- 4--=-=-- R pad
~ -0 8o ——0———-—-— ————— = ——— —,— - ad
) °  (ummmm R.P
S 0
0 200 400 600
R=(R,+R,)/2/d,;xW fin width (nm)

* Long low-T anneal : dimension-dependent R,

-> Depletion effect, degraded mobility, defects, dopant diffusion?
* Laser anneal 2 R ~ independent from width




OUTLINE

e PBasics

Proof of concept : P+N Si fins

* leakage information : P+P Si fins

[11-V fins



TEST SAMPLE: B-IMPLANTED FINS (P+P)
N N RN

oxide oxide|

10 fins of 500 nm width 10 fins of 20 nm width

Probe scan diection

10x 500 nm 300nm 200nm 150 nm 120 nm 100 nm 80 nm 60nm 40 nm 20 nm

lines

m



B-IMPLANTED Si FINS : SIMULATIONS (P+P)

substrate fin

20 nm

* P+P fins
* Different widths
 same R,

=314 ohml/sq

“umec



substrate fin

: 3D drift-diffusion :
: simulations (P+P) :

(Ra+Rb)/2 (ohm)
9,
m
+
=
(&)

5.E+02

' 0 200 300
umec 0 e (308



B-IMPLANTED Si FINS : SIMULATIONS (P+P)

substrate fin

_5.E+04

£

r T N

< i 3D drift-diffusion :

= : simulations (P+P) :

ESE+O3 ~~.~."ﬁ-~-~-—.--—-~

« e - -

m -----

e 1 0 ammmemm——— -
I =R xd,;/W '
' !
w1

5.E+02 » l I

I R,,,=70000hm |

: 0 100 200 300 o N e
umec in width (nm) Leaky resistor model



B-IMPLANTED Si FINS : SIMULATIONS (P+P)

. ¢ Experimental (P+P)

_ 5.E+04
£
=
)
o
)
f 5.E+03
«
T
5.E+02 ’
: 0 100 200 300
unec in width (nm)

substrate fin

R... - 7000 ohm

Leaky resistor mode



B-IMPLANTED Si FINS : SIMULATIONS (P+P)

\
« ¢ Experimental (P+P)

_5.E+04
£ 0
5 TNy
= L
a - N _‘_
T5E+03 |, T -—-= Xy
€« T, -
<

5.E+02

: 0 100 200 300
unec in width (nm)

Leaky resistor model



B-IMPLANTED FINS : EXPERIMENT VS THEORY

o~ 150000 I .4 th.eory
= *¥ experimental .
S 1.3
& 2 1.2
~ m °
= 15000 =
o e 1.1
.Ié | *e3 ¢
x ’ expetrimenta

1500 0.9 ¢

0O 100 200 300 400 500 0 100 200 300 400 500
fin width (nm) fin width (nm)

Discrepancies theory vs experiment:
* Higher resistance is measured, especially in narrow fins

* More confined (D) current is measured in narrow fins
—> Fins get gradually isolated from substrate as width decreases




SURFACE DEPLETION DUE TO INTERFACE STATES (IS)
AT THE Si-SiO, INTERFACES:

Hole
conc.
(cm™)

[ 020

IOIZ

“mmec



SURFACE DEPLETION DUE TO INTERFACE STATES (IS)
AT THE Si-SiO, INTERFACES:

interface Si/SiO2 Center
states interface | of fin

| E

Adapted from V. Schmidt et al.,
Appl. Phys.A, 86, 187-191 (2007)

= Ig‘

C

f

Surface: Bulk:
depleted p-Si  p-Si

“mmec



SURFACE DEPLETION DUE TO INTERFACE STATES (IS)
AT THE Si- SlO INTERFACES:

interface  Si/SiO2 Center
Hole states interface | of fin
conc.
@@@@ @@@@ (em?) e E.
Peo,.
St Adapted from V. Schmidt et al.,
. 1020 Qt Appl. Phys.A, 86, 187-191 (2007)

oo,,oﬁ P l E,

Surface: Bulk:
depleted p-Si n-Si

W=300 nm * 20 nm wide fin is electrically isolated by IS-induced
depletion
unec * 300 nm wide fin is still leaky




B-IMPLANTED FINS : EXPERIMENT VS THEORY

1.5

E 150000 0\3 1.4 No IS (leaky junction model)
£ \{ . -
S : 1.3 .
~ N ““ é A
= 15000 * KL withis g2 T { ‘
E ......... > * I.I ‘ J - = ¢

o Tttreeeea.... L i ¢
é No IS (leaky junction model) ‘ I - ’.: Wiehis

1500 0.9 .
0O 100 200 300 400 500 0O 100 200 300 400 500
Fin width (nm) Fin width (nm)

* Interface states = dimension-dependent current flow in P+P fins

* Leakage currents are strongly reduced in confined volumes (Si)
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DEPLETION IN HIGHLY P-DOPED REGION

Doping Hole conc. (cm-3) 550
conc.(cm-3) w/o IS )

500

i ©300 ~ """ """ """ Resistor

250 model
(w/o IS)

0 100 200 300 400 500
Fin width (nm)

Resistor model fails to explain the increase in Rs with decreasing width

“mmec



DEPLETION IN HIGHLY P-DOPED REGION

Hole conc. (cm-3)

w/o IS

550
500

Doping
conc. (cm-3)

imec

With IS
L,
LN L I 0
- Resistor
model
(w/o IS)
0 100 200 300 400 500

Fin width (nm)

* Resistor model fails to explain the increase in Rs with decreasing width
* The increase in apparent sheet resistance is (partly) due to I1S-induced depletion




DEPLETION IN HIGHLY P-DOPED REGION

Hole conc. (cm-3) 550 . <E)|(:)r::.ﬂ::j: :i(l:s
20nm I10nm 8nm te

( 1 H 500 :

| v‘ 1020 T 450 With1s

W/ v E400 i,
S350 RS N 0
i T

250 model
10'2 500 (wlo IS)

0 100 200 300 400 500
Fin width (nm)

Resistor model fails to explain the increase in Rs with decreasing width

The increase in apparent sheet resistance is (partly) due to I1S-induced depletion
Dramatic impact of depletion expected on narrowest fins




OUTLINE

e PBasics

Proof of concept : P+N Si fins

leakage information : P+P Si fins

I11-V fins



BINARY IlI-V FINS GROWN EPITAXIALLY IN TRENCHES ® Undoped

® Doping |

Py ® Doping 2 > doping |
g .
S 30000 fleles
Q . ' ) . ' 0
2 o9,
(a'd ' 0 ' 0
+ 0 0
e 3000 :

0 200 400 600 800

nominal fin width (nm)

* Doping reduces measured fin resistance
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BINARY IlI-V FINS GROWN EPITAXIALLY IN TRENCHES ® Undoped

Resistor model ® Doping |

- AT | R=R_padxd,,/W | °Doping2>doping!
= Y S WW. l
5 L \[3\.\‘\ iR Spupn A A A gupmpn |
~~ 30000 ...l{. \\~ ~§~-~~ R pad=
o LI BNEN S~ o = 1150 ohmisq
> ’ 0 .\ =~ ~. T < - Rspad=

1 'y "~ ~ o 0 ~ 585 ohmisq
f . = - ~—— o Rspad=

© 0 = 286 ohmisq
£ 3000 :

0 200 400 600 800

nominal fin width (nm)

* Doping reduces measured fin resistance

* R, is 2x to 4x lower than in the pad
“umec



SHEET RESISTANCEVS FINWIDTH ® Undoped

® Doping |
600 ' ® Doping 2 > doping |

4ooﬂ|il | '
«il' ! ! |

|
0
0 100 200 300 400 500 600

R:=(R,*Ry)/2/d;xW Fin Wldth (n m)

* Doping reduces measured fin resistance

Sheet resistance
(ohm/sq)

* R, is 2x to 4x lower than in the pad
* R, drops when fin width decreases




300-NM WIDE In,Ga,  As FINS GROWN EPITAXIALLY IN TRENCHES

10000 _

8

S 1000

» O o

2 v ®

(7]

O £ 100 e Undoped, fin
<

8= 1o

(-/C) ¢ | ° ° ® Doped, fin

I
0% 20% 40% 60%  80% 100% 120%

X

* Rs varies with doping and In content
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300-NM WIDE In,Ga,  As FINS GROWN EPITAXIALLY IN TRENCHES

10000 -
)

O e

£ _ 1000

o T s o

g v o O Undoped, pad
O £ 100 e Undoped, fin
s 0

Y~ 10 . © o S o Doped, pad
< e o ® Doped, fin

I
0% 20% 40% 60%  80% 100% 120%

X

* Rs varies with doping and In content

* Pads and fins qualitatively similar but quantitatively different (up to 5x difference)



CONCLUSIONS

In-line m4pp measurements of fins with widths down to 20 nm

* Sheet resistance
* Junction leakage

Measured resistance on B-implanted Si fins on n-Si (p+n)
* geometrical confinement (wide fins)
» Depletion effect in narrow fins 2 2-3X more resistive than bulk

Measured resistance on B-implanted Si fins on p-Si (p+p)
* Interface states - depletion region > strongly reduced leakage in
narrow fins

Outlook: uncover the physics of resistivity in confined volumes (defects,
depletion effects,...)
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