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TRANSISTORS USED IN DRAM MEMORY CHIP

In DRAM technologies, transistors are used as access devices and in the peripheral circuitry.
Peripheral transistors serve several purposes: address decoders, sense amplifiers, output buffers, control circuitry

Storage element

Switch

(capacitor)

ing

element

Peripheral Area

PerpheITmn

Silicon

Memory Area

- ———
|
Data In/Out
Buffers

Column Decoder }
I
4

Courtesy

A. Spessot

Cell Transistor

Periphery Transistor

Type of transistor

Access Device

Regular Logic
Transistor

Sense/Amplifier

Row Decoder

Applied Voltage

VPP (~3.0V)

VDD (1.5V)

Vcore (1.0V~1.3V)

VPP (~3.0V)

Gate Oxide
thickness

THICK (>=6nm)

thin (<2.5nm)

thin (<2.5nm)

THICK (>=5nm)

N -

Gate Length

Minimum

Larger than Cell

Longer Lg within
pitched layout (e.g.:

Longer Lg within
pitched layout (e.g.:

Feature size ~50nm
__ o) ~onw)_ | ~20nm)
Key Junction Leakage Speed Local Variation Reliabilit
features/Attentio| Short Channel Short Channel (mismatch) v

Reference value for DDR3, DRAM 20 nm node; Adapted from S. Y. Cha, IEDM 2011 short course;

Periphery Transistor ~50% (~1/3 Sense Amp;~2/3 Regular Logic + Decoder)
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FINFET FOR DRAM PERIVALUE PROPOSITION

~50% area saving in the analog part

-

4.506-02

Relative Area comparison
5.00£.02 0

Area SION [um"2] .
—o-Area HKMG [umn2] ®
—o-Area FHHKM@{{]mAz] 20

s
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W(FIinFET) = (2H+T) * Fin number
Avt

VW L

sooe02
e R
&

‘N'3.006-02
g

GAVIHmY]

E
5250602

s
Z200e02

sopey e
10002 s AAVE =

5.006:03

0.00£+00
. 1,00 090X 072x 0,64 0.56X 0.50x
| Avea shrink Factor

Sense/Amp benefit FINFET HMGK can enable ~50% area gain due to

/ AC Power/Performance improvement (RO level) wrt planar \

Zzz —e-FF_HIMG CPP load =50

S —¢—Planar_HKMG FinFET HMGK device
%200 Planar_SION g | outperform planar HKMG
é 50 'y (60% less power at similar
2 Vdd=1OV.__ 1 performance of HKMG
£ 100 \ vdd=0.92v | .

<., ihew | planar with further Vpp

o Lo Vadoey ‘ reduction down to 0.8V)

improved mismatch and taller fin

-

Cost effective flow wrt High Performance Logic \

RELATIVE COST COMPARISON

= Lithography = Deposition = Metalization Implantation

=Dry Etch and Clean = Wet Etch and Clean m CMP = Metrology

planar_PolySiON

Proposed FinFET flow
remains more cost
effective than logic flow at
corresponding dimensions

planar_GF

FF_PolySiON

FF_GF |

FF_RMG_N22

0 20 40 60 80
K Frequency (GHz)

Power saving at system level wrt planar

/
)

Power Dissipation [mW] per DIMM

4000
% FinFET HMGK can enable
g 3500 30% power saving at
2 3000 -30% power I?IMM Ieyel wrt plal?ar
2 SiON devices by reducing
(=] .
5 2500 internal Vpp down to
z Power Dissipation to energize and refresh 4Gbit
S DRAM (DDR4 Min-RDIMM 8GB x8 @ PC4-2133) 0.8V.

2000

0% 20% 40% 60% 80%
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FINFET: EXPERIMENTAL Rgy+ VS. FINWIDTH

1200 o »

Rexr [Q.um]
L.—-!

ALT05247 D18
AL705247 D19
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ALT05247 D18

;{, P
Fin width mcﬁ' %

ALT05247_D19
AL705247 D18
ALT05247_D19
ALT05247 D18
ALT05247 D19

Lot: AL705247

CONFIDENTIAL

NMOS
Lg=55nm

ALT05247_D18

e
Ml-
ALTOS247 D18 mi 4

AL705247 D19

01

4

ALTO5247_D19| Ab-

lot_wafer

W um]

W [um]
® 002
A 003
¥ o004
® 0.05
+ 0076
<01

2600 W [um]
24001 NMOS ® 0.02
2200
2000
1800
1600 Rexr decrease
1400 -

-
1200
1000+ wFlN

800 increase_ —
-

a00 _ - -

400

200

B 005
& 0.076
401

RON,LIN [Q.pm]

0 02 04 06 08 1 1.2 14 16 18 2 22

1/(Vo-Vry) [V']

Methods used : Ro\(1/Vg-V1n)™ Ron(Le), and
BSIM-CMG compact model fit.
Clear increase of external resistance Rgyt

with decreased fin width.
# A, Paul et al., IEDM 2013



UNDORPED Si EPI S/D + ION IMPLANTATION

Y 1.E+00
é\z i'E-g; :r ’ON/’OFF NMOS
=T ]
1.E-03 [ Fin height 40nm
Contact i-i'gg [
L | .E- r
/ on fin 5: 1.E-06 |
onorConcentration (cm”- 1.E-07 '

: 5.6rcase+zum em F—r'- r Lg=40n mTCAD
9.120e+18 w 1E-08 ¥ PN
1.473e417 2 1.E-09 [ Lg=50n m_ \.\\

.z.saoe+15 1.E-10 1 Lg=75nm __ N Exp \\.‘\.\ N
13.844e+13 \ ~
6.209+11 1.E-11 [ Lg=100nm’ ~o :\.. N ~-.

Il.nuaenn 1.E-12 [ \\. S~

1.E-13 ~EL
Synopsys® 1E-14 [ . . . N
sprocess )
0 100 200 300 400 500

lon [MA/pm]
* FinFET current option: contact directly on fin.

* Undoped Epi S/D + lon implantation could help alleviate this issue.
= Option assessed by TCAD
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Linear drain current [pA/pum]
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UNDORPED Si EPI S/D + ION IMPLANTATION:TCAD

FIN HEIGHT 40NM

100

o (Width 20nm ¢ o £ | Width 60nm +17% t
80 R r—
i & °® 2:; 70 .. S
[ ] % = 60 .. :
60 s 00 S 50 & * o
50 S0 £ - .. o

(8]
40 Q% 430% | £ <& v S
30 & g 30 0. <
P N <§ o“' +
20 [ ) 5 20 D 8 -
1] ™~ 3
10 o £ 10 K .

0 soooeeeed - I,. c
0 0.2 ol4 0I6 ols 1 0 ' ' 2
) - : 0 0.2 0.4 0.6 0.8 1 "r"u
Gate bias, Vg [V] . —
TCAD Gate bias, Vg [V] E
>

Fin height 40nm

30
20

10

0

=10 F
=20 F
-30 F
-40 }
-50

i Drain current

External resistance

FinWidth 20nm 40nm 60nm

Effect of undoped Epi S/D + lon Implantation: drive current improvement wo/ short

channel margin degradation, consequent to external resistance decrease.

i
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UNDORPED Si EPI S/D + ION IMPLANTATION
FIN HEIGHT 40NM

_ =

®
2000 i Ry 1 decrease o0 ® ®

=
o

s 8
oo
%

c

]

3

(o]

c

3

=
o
—

N
o

ariation wrt No epi [%]
G p
L

-30 1 |

Electrical data 40 1]

V

* External resistance

.- Ep'\ 7-2“‘:‘ %) 4._//50

E -
v [Lc=50nm | §15°° - .;.-. o © ® FinWidth 20nm  40nm  60nm
a0 Epi 30nm 2 o0 | T—‘ gpi 307 TCAD predictions
35 & .
E 30 Epi Zonm -50%
25 L . . .
£ " Si validation
s 5 Ls=50nm
10 0 — Fin height 40nm
5 0 0.5 1 15 2 2.5 3
0 1/Ve-V (V7]
0 0.5 1 1.5
Ve [VI
Lot: AL804209 °  Electrical confirmation of improved drive current w/ Epi S/D + I/
“  Numbers comparable to TCAD predictions.
. “ Next: validation with increased fin height of 80nm (target fin heigth).
tmec fothmical  CONFIDENTIAL 10



FINFET: Hy,, IMPACT Seealso PTW 201810 F800

Hen > SONM LEADS TO SATURATION IN PERFORMANCE

300
L=30nm HFIN sweep=20nm-100nm
250 | W=20nm g e Taller fins (Hg>80nm) leads to
saturation in performance benefit.
£ 200 * Leads to increase in power only.
=)
= 150  Similar trend obtained across INV and
= NAND based RO.
o 100 —e—HKMG_INV
—o—SiON_INV
50 —e—HKMG_ND
. SION_ND
0 20 Freque#gy (GHz) 60 80

Compact models projections

Target Fin height set at 80nm TEM Channel

cross-section

“umec....
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FINFET WITH FIN HEIGTH 80NM + S/D EPITAXY:TCAD ASSESSMENT

1600
1400 | No epi ® ° External resistance improvement
1200 ‘ 8 with Epitaxied S/D maintained with
— REX-r decrease .‘ i i
£ 1000 | -’... 9 ‘ b1 300m 80nm high Fins.
E:, 800 L __l';.f"’ epi 20nm
z i MR
5 600 ' -40% TCAD
400 | Fin height 80nm
200 |
0 1 1 1
0 1 2 3 4
1/(Ve-Vry) [V
‘unec....
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EXPERIMENTAL DEMONSTRATION (Hg 8ONM )

A Lots: AL804209,
¢ , AL810706 | NMOS

Hgn 80nm, w/ Epi

(0,]

— Le=50um

3 L | vemsomv

= )

€3 Hein 40nm, o

£ w/ Epi g +22%

3 2 r .

£ 0. 0

£, ... Hen 80.nm,

wol Epi
0 M '
0 0.5 1 1.5
Gate bias, Vg [V]
200
Hegn 40nm,
1jjgmmBﬂl-/nATg.mka::a94x$::);sdeglzt.n“ 8107 85 150 _H 80. wI Epi
Si validation 2 FIN B2, :
* Fin height 80nm: demonstrated current _ . £ 100 [ WO/ Epig Hgy 80nm, w/ Epi
improvement w/ Epi, for no Short Fin height 80nm g A
. . 50 | oK)
Channel Margm degradatlon- *note: different set of junction \.
between Hg, 40nm and Hg N e . 9.
’ mmec 80nm 0 0.05 0.1 0.15 0.2
f::'ﬁz.?c'au CONFIDENTIAL

wee 13 Gate length, L [um]



EXPERIMENTAL DEMONSTRATION (Hg, 80ONM )

le-5
EPes
le-b
ES
le-7
ERe
le-8
EE
1e-0
310
1e-10
311
1e-11
PR
le-12
313
1e-13
314

lorrprain [A/HM]

Te-14

“umec

NMOS .. M,
Vpp 1V o 3 P

lot_wafer
® ALS04209 W13
® ALS10706_WO05

® AL810706 W11 Si validation

Fin height 40/80nm

nm, w/ Epi

Normalization:
everything as if Hy=40nm
(footprint normalization’)

0 5
lon [HA/umM]

partner
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Improvements confirmed in |5\/logr plots.
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RELATIVE MODULES COST COMPARISON WITH S/D EPI & D&GR
EPI MODULES ACCOUNT FOR ~6% OF THE FINFET PERI FLOW COST

planar planar FF D&GR FF RMG
planar GF FF D&GR
PolySiON D&GR epi N22
Lithography 231.91 231.91 217.72 217.72 217.72 321.06 ) .
Relative Cost Comparison
Deposition 184.44 308.07 319.18 321.22 380.01 339.04 P
Metalization 76.45 130.15 183.86 199.09 199.09 195.28 FF RMG N22 —
Implantation 34.4 30.88 30.88 30.88 30.88 29.13 P
H U
Dry Etch and Clean 124.79 114.25 114.25 114.25 114.25 150.5 FF D&GR epi _:
N
Wet Etch and Clean 31.07 37.7 32.63 34.29 36.36 43.91 FF D&GR ‘ 6%
CMP 43.44 54.05 54.05 54.05 54.05 68.71 P
1
Metrology 9.37 15 15 18.12 18.12 25.54 planar D&GR e [ Pl
1
Total 735.87 922.01 967.57|]  989.62]| 1050.48] | 1173.17 b
planar GF - H
. b
planar PolySiON - i i
FF D&GR Module Cost 0% 50% 100% 150%
400 100%
350 90% M Lithography M Deposition W Metalization Implantation
200 80% M Dry Etch and Clean M Wet Etch and Clean mCMP W Metrology
70%
250 60%
200 50%
150 40%

100 o HKMG with | Gate Stack for NMOS and | for PMOS,
o single I/I V1, periphery only; GF NMOS La; D&GR

TiN/Mg/TiN

“umec....
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HKMG FINFET GATE STACK:THRESHOLD VOLTAGE

0.65 -0.4
___________ —_— - — PMOS Lot:AL112580
06 L .- -0 ) 045 ki o S0I 3 ) @ Wafer A
;I 055 0 _ LG_|pm (Salsa3 maskset) @ Wafer B
= ) Lot:ALI 12580 >, 05 © Wafer
= 05 ' (Salsa3 maskset) y4 4
I o $ So055 F 08 ¢ °
G 045  © @ T o
@ ® Wafer A ) |
a © Wafer B > °° I ° o
NMOS e oes | 0 0-B - o
035 F Le=lpm @ Wafer C '
0.3 — S -0.7 i
0.01 0.1 1 0.01 0.1 1
Fin layout width,W¢,, [nm] Fin layout width,W¢,, [pm]

Median value (80 dies)
Gate stack: Chemical oxide (imec clean)/1.8nm ALD
HfO,/2nm ALD TiN. No eWF shifters

FinFETs: lower V;, compared to Planar (better electrostatic control).
eWF tuning with capping layers still needed for low and multi V, enablement

“umec....
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HKMG FINFET GATE STACK

D&GR Drive-in anneal Gate removal
NMOS stack  He 900C 20s

1:420APM 65C
ALD-TiN 5nm 150s

MgO 6cy
ALD-TiN 2nm

N(2nm)/MgO(6cys)/ TiN(5nm) + anneal 900C 20s + APM
PEALD-TIN (TDMAT) &
! 2 T

HfO,(2.2nm)/

600C 60s

Blanket+capacitor development

wr  HY mag T det modeltilt

00 AM 43mm 0.17 nA 10.00 kV 500 011 x TLD SE__52.0°

D&GR= Diffusion and Gate Replacement (here in a Gate First Integration scheme)

° D&GR process implemented in FinFETs with PEALD TiN

“umec....
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La BASED D&GR FINFET
FULL WAFER MAPPING

Lot: AL810706

FinFET width=20nm /
04 [ NMOS Control wafer _—
02 |
La based D&GR \
0 PP
>
= -0.2
= Al,O; based D&GR
> -04
08 PMOS
Control wafer 024
-1 Attt * ! 0.2
0.01 0.1 1
Gate length, L [pm] 02
La D&GR: | |0 mV V, shift in long channels
'unecp

tecl
we

I CONFIDENTIAL
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0.37

0.36

0.35

0.34

0.33

0.32

0.31

— |*

-253] -1ba12a loeT [ ob | 067

Control

132184 im

i L]
{nl

0.005 0.5 02 04 06 0809 098

Mormal Quantile Plot

253 | -1b4128 10§ -a 067 zz 6 |23 )

0005 005 02 04 06 08098 098
MNermal Quantile Plot



-03 233 -1be12a los7 oD | 067 12864 233

ALLO, BASED D&GR orALBIO706 - ALO, D&GR

FULL WAFER MAPPING

p,
B
PO
iy .

FinFET width=20nm

| Control wafer
%4 I Nmos

0.2 F

La based D&GR
0 P

0.005 005 02 04 06 08200 098

e [ Mormal Quantile Plot
04 Al,0; based D&GR
e i -0.55 [ abedds 0 eb | ofr) 1Zehia 1.3'3).f
os | PMOS o P
Control wafer \\ . [E P
-0.75 -

-0.8
0.01 0.1 1

VTH, LIN [V]
o
N

Gate length, Lg [um] D;Z
-0.95 1w
Al,O; D&GR: 185 mV V, shift in long channels :
i 0005 005 02 04 06 0208 008
l]‘l1 e c MNormal Quantile Plot
‘t?ecEEie(ral CONFIDENTIAL 19



D&GR FINFET: GATE LEAKAGE
FULL WAFER MAPPING

et iRl

s & ‘ Lot:AL810706
SeRASE . Consistent distributions

| ; @3 £ 3 Gate leakage apparently
IEE | not degraded with
‘A ; ik ] D&GR flow

|
‘
Eai]
=
—

Gate overdrive [V]

»

®
-0.6

|

R Ak
Te-4- 1 [ 1 i
I

s Control La D&GR | Control

Jg at offset V| |y [A.cm?]

HEEEHEEEEEEEEEEE R EEEE Lg [um]

f=] (=] — (=] — (=] — (=] — (=] — (=] — (=] — (=] (=] — (=] — (=]

0.0 0.02 a1 0.02 0.02 a1 | 0.02 0.02 a1 0.02 0.02 a1 Fin Width [p m]
W04 W12 | GE w23 Vater

ALB10706_parametr Lot id

“umec....
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D&GR FINFET: GATE LEAKAGE

FULL WAFER MAPPING

NMOS,W(,,=20nm, L;=500nm, gate overdrive 0.6V

. mean
1 Control
.1 La D&GR .
Y . .
?o A5 i -1.5
3 2 P — \ O -2
—> O =
-25 bo -25
o)
-3 - -3
W4 W12 All Pairs

Wafer

Lot: AL810706

Tukey-Kramer 2315
0.05

-4

PMOS,W¢,,=20nm, L;=500nm, gate overdrive 0.6V

mean

Al,O; D&GR

Control

W13

> O
> Ol
W23 All Pairs

Wafer Tukey-Kramer
0.05

Means anova: means are significantly different, w/ a small
Jg increase for NMOS w/ eWF shifters, while for PMOS

“umec....
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D&GR FINFET: GATE LEAKAGE

'_®1.E+oz < <
o A N La capping dielectrics,
N A —— .
£ ipor | ATAN_ extractedatvigv FinFET D&GR LaO
< A N m Si0, /Poly Si trend /
LY
‘:5. 1.E+00 A \ .
S S A FinFET D&GR Al O,
~ 1lE-01 A X
+ A [23] N N
:t[- 1.E-02 # D&GR wo/ shifter '4’“'
- . 1
o ©No D&GR, No shifter 3, FinFET D&GR: Consistent
80 1.E-03 j HD&GRAIO
T gate leakage wrt planar
= ONo D&GR AIO baseli
2 1E04 @ D&GR Mg PMQS *- aselines
"2 Ono D&GR Mg
{D 1 E-GS i L L L L L L L

2 4 6 8 10 12 14 16 18 20 Note: all points are for planar

. EOT [A] baselines, expect specified otherwise
Micw .,

cal  CONFIDENTIAL 22



D&GR FINFET: LONG CHANNEL MOBILITY

High field mobility (at ns=10'3cm-2),
Herr [em2V s

‘unec....

350

300

250

200

150

100

50

technical

electrons

Universal p,, Si

holes

Universal p._Si u

—p Control
—> FinFET D&GR LaO nm

—p Control

—p FINFET D&GR AlO

L L LT o Qe

Squares and open syfnbols: Logic
Diamonds: DRAM pefiphery planar 45nm

Triangles: DRAM perlphery FinFETs (this work)

0

2 4 &6

CONFIDENTIAL

8§ 10 12 14 16 18 20 22 24

EOT [A]

23

Little mobility variations
between control and
D&GR FinFET.

Note: trade-off to find
between obtained eWF

shift and mobility
degradation, through
drive-in anneal thermal

budget.
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EXAMPLE OF RELEVANT DIMENSIONS IN NAND PERIPHERAL DEVICES

PERIPHERAL CIRCUITS

Logic LV (e.g.: Page Buffer)

LG ~200_300 nm; éEMEwnR‘raknw E
Gate stack oxide thickness ~ 5 nm; ‘:' = |
CPP<500 nm; ‘ PERIPHERAL CIRCUITS |

EEEEEEEE] 1o PADS _ DOO0O00000|

Cell Periphery

S. Leeetal, ISSCC’18

Logic HV (e.g.:Word Line Decoder/Switch)
Le ~1000 nm;

Oxide thickness >~ 40-50nm Viemory Amay
Courtesy A. Spessot Periphery Circuitry
* Data extracted from state-of-the-art 3D NAND technology (# layers > 90)
reverse engineering report 3D NAND memory conceptual view
mmec https://www.extremetech.com/computing/212 | 08-samsung-announces-new-256-bit-3d-nand-stacked-48-layers-high

par!n_er
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INTEGRATION OF HKMG THICK OXIDE DEVICES

PVDTiN PVDTiN
HfO
High-k o
= «——Thick oxide P4 ~
\.\\‘ Thick oxide
devices
TI . .
> \‘ Thin oxide
NWMOS (Purel) PMOS (Nwell) devices

Main objectives:

- Assess the effect of using a thick oxide device (5 to 40nm ISSG SiO,) with a 2nm
HfO, high-k/5nm PVD TiN Metal gate on top, vs. a purely PolySilicon/SiO, gate stack.

- Assess the effect of ‘NAND anneal’ (1050 °C, 45s) on gate stack and junctions.

- Assess the resistance of current junctions to higher supply voltages.

“umec....

p
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INTEGRATION OF HKMG THICK OXIDE DEVICES
GATE STACK THICKNESS EOT

ISSG SiO,
18- Poly/SiO, Poly/SiO, IHfO, I TiN
1.6E-11 [ EOT=5.2 gate stack 20
tapay | oM 50*50 pm? . Target 40nm
40| PERSSISSSl N = = = | = S =
o 12611 |
§ 1.0e-11 | EOT=10.3nm = 1
= £
g BoEL T S, Target| 20nm
§6.0E-12 Iagn————“——————————
4.0E-12 - Target 10nm
2.0E-12 | 10 == == = = ] === -
I R et Nt el
0.0E+00 - : : ) ) : . . larget Snm
) ) ) ) ) teiR<IR<IR<IR=1R<IR-1R<IR<1R<IR<1R<IR<IR<1R 1R <IN
Vs [VI] =Sz EZEZEEEEZEEZEEE S
F ol ZF oz oz ozozozocz o
Lot: AL904930 W02 | W03 | W04 | WO5 | W06 | WOT | WOS | WOO | Wafer
. . . *Note: Target 40nm’
Good EOT consistency between Poly/SiO, and HKMG gate stacks. splits are using RTO
* EOT on target. SIO, iso ISSG.

“umec....

1
echnical  CONFIDENTIAL 27
eel

£33D



INTEGRATION OF HKMG THICK OXIDE DEVICES

SPLIT CV LONG CHANNEL MOBILITY

400

‘unec....

weel
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L=W;=10pum
Vp=50mV

NMOS

10nm SiO,/PolySilicon
10nm SiO,/2nmHfO,/5nm PVD TiN

PMOS

2 4 6 8 10
Inversio charge density X102 [cm2]

12

Lot: AL904930

Peak Mobility [cm2.V-1.s1]

500
450
400
350
300
250
200
150
100

50 |

*Note: Target 40nm’
HKMG splits are using RTO

SiO, iso ISSG.

| LG=WG=10|.lm - -

Vp=50mV T e
- ’ .- NMOS
oX
| Si0,/PolySilicon

$i0,/2nmHfO,/5nm PVD TiN
[ PMOS

@ ---¢--_.
@- @®-—----e__ .-
0 10 20 30 40 50
EOT [nm]

HfO,/TiN layers on top of thick SiO, have no impact on long channel
mobility, for all investigated thicknesses.
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INTEGRATION OF HKMG THICK OXIDE DEVICES

i
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closed symbols (NMOS)
open symbols (PMOS)
Si0,/PolySilicon
Si0,/2nmHfO,/5nm PVD TiN

Gate

overdrive 4.5V Gate

overdrive 17V

Gate
overdrive 5.5V

o

Noise level

GATE LEAKAGE 1.E+00
L;=10um
Lot:AL904930 LEol [ Weslpm
1.E-02 .
Si0,/PolySilicon N 1E-02
o 1603 $i0,/2nmHf0,/5nm PVD TiN g -
£ NMOS < ko3 a—
< 1604 | LsWe=10um s
(] L]
& EOT 5nm ™ LE04
©  1.E-05 Q
P 3 1E05
G 1.E-06 S %
1.E-06
1.E-07
0 1 2 3 4 5 6 7 8 9 10 1.E-07 ' '
Gate bias Vg [V] > 10
*  HfO,/TiN layers on top of thick SiO, have no impact on
. long channel gate leakage.
mmec....
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INTEGRATION OF HKMG THICK OXIDE DEVICES

EFFECTIVEWORK FUNCTION

Le=W=50um, 1MHz

6
Si0,/PolySilicon
ss5 | @__  Si0y/2nmHf0,/Snm PVD TiN
* e
5 ‘h‘h"“'—.

an

"

‘o
-

i =Y
o
=
@0
w

O

o

Effective work function [eV]

—_—
-
- .
—

w
(o)

“umec....
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Lot AL904930 (NAND periphery)
+ Lot AL504455 (DRAM periphery Iot,*)

°  HKMG gate stacks: effective
work functions move
toward mid-gap.



INTEGRATION OF HKMG THICK OXIDE DEVICES

lon/lor Vpp 3V Vop 6V
- 1.E+02
= 1.E-03 EOT 10nm = EOT 40nm EOT 20nm
1.E-04 ® o

3 0 d® 3 1.E+01 ; '

< 1E05 / FOF Snm &; / 2

E 5i0,/Polysilicon /@ @ 2 1 e+00 y Y

& “F% I si0,/2nmHfO,/58m PVDTIN @ a )’ o

S 1.E-07 o / @ 1E01 ~ ‘

= ’ = ‘ ’

2 Y e © £ 4 8

r 1.E-08 / T 1.E- . -

5 ) ,,' ® 5 1.-02 Si0,/PolySilicon

= 1.E-09 )/ ’ 2 Si0,/2nmHf0,/5nm PVD TiN

© s T 1.E-03 2 2

S LE10 Que ¢ - ® "~ Nwos g NMOS

2 1 E11 ‘ --=7 Vpp 3V 2 1.E-04 Vpp 6V
- We=1pm = We=1pm

1.E-12 : ' ' : : 1.E-05 : '
0 200 400 600 800 1000 1200 0 200 400 600
lon at Vi n+2.5V [A/um] lon at Vi yn+5.5V [A/um]
®  HfO,/TiN layers: comparable |o\/lopr performance Lot:AL904930
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ASSESSMENT OF NAND ANNEAL IMPACT

Le=W=50pum, 1MHz

4.7
______ Q@ -
465 | 00000 e
3, O
c 4.6 PMOS
o
G 455 NS, A -
c e T 9.
2 ® o
- NMOS l
2445 | 00 mmgrmmm¥o------
g ° ¢
S 44 wo/ NAND anneal
£ w/ NAND anneal
W 4.35 . .
Si0,/2nmHfO,/5nm PVD TiN

b
w

0o 1 2 3 4 5 6 7 8 9 10 11 12

Lot: AL904930

EOT [nm]

increase.
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NAND anneal: strong roll-off

‘NAND anneal’ = 1050 °C, 45s

NAND anneal effect on HKMG gate stacks:
effective work function decrease.

Possible model: passivation of oxide charges.

NMOS, W=1pum, Vp, 5V

Si0,/2nmHf0,/5nm PVD TiN
- EOT 5nm

1.4

=
(¥

[y
T

NAND
anneal

Saturation Vqy sar [V]
=] =]
o o

04 | wo/ NAND anneal
w/ NAND anneal
0.2 Lial L bt a2l 1 M A N
1.E-02 1.E-01 1.E+00 1.E+01

32 Gate length L [pm]



JUNCTIONS - INCREASED SUPPLY VOLTAGE Secalso PTW 201910 F304

Junction hard breakdown Junction leakage

= drain
= 000000000000000000 ... Vo 10y {
= Vo 10V 10 -
E ' oP “ vi g
= "s 3 V. 6V
2 - AL607IIS iyh ‘! 3 oo
=
§ == EOT~5nm * ‘ <
t =2 M o
3 = 5 . .
£ 7 Voo 7V ° Iogr increase with
g =i £ ( L
Q g Vpp 6V E Voo IV junction leakage
<% electrical ] Vg, 50mY TCAD
o |5 ' 11 I |3 I ::_, ! _'1 ! d ! 1' B ! T
Gate Voltage [V] Gate Voltage [V]

O Readout from previous lots: BKM junctions break above 7V, for both NMOS and
PMQOS, and junction leakage alone might be is a serious issue.

) O  Electric field in the junction should be decreased for V,>7V.
mmec....
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JUNCTIONS - INCREASED SUPPLY VOLTAGE

o TCAD based DOE
(Parameters:Anti Punch
Through dose, LDD dose,
HDD dose and energy).

O  With doses reduction and

implant energy adjustment:

2 decades minimum |
reduction reached.

O Proposal for new junctions
set.

technical CONFIDENTIAL
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Drain current, I [A]

1E-3 3
E .

1E-4 =

1E-5 =

1E-6 o
1E-7 <
=

1E-9

IE-10

Best projection
I I T T I T T T | T T
-4 2 0

Ve [V]
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JUNCTIONS - INCREASED SUPPLY VOLTAGE
EXPERIMENTAL READ-OUT

. Te2 wafer_hemi
" rno“u..," . wafer_hemi lALQ_O4930_D0?_bop
Ted .".'il.... eIeCtrlCGI .AL904930_DD?_E =37 Most aggressive ““"“"::::=::==:= :itggjgiﬁjggﬁm
" condition VT anerenett
_ e .l ® A1904930_D17 top 147 ,{:"'
— . .
€ e - ! £ s F1ltteean... r electrical
5 &b . Control wafer = AL TTTI "
2 ' l=. DOE best projection 2 Ty ....'”:'Control wafer
= =77 PMOS og?.} Most aggressive el LT NMOS
= =] = l':' '. condition L ”"“t =] =
et We=lg=lpm l",'.l' ..s. DOE best projection We=L=lum
s EOT 10nm o EOT I0nm
e-t ] 1e-9-
Vo 7V Vo 7V
R S
VelV]
VclV] Lot:AL904930

“  PMOS: the | to 2 decades predicted by TCAD are obtained w/ the modified junction
conditions.

NMOS: marginal improvements.
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Woafer: AL904930 ‘DOE best guess’

JUNCTIONS ANALYSIS

Caonfiguration (1) Configuration (2)
ground Ve
1e-5
I .

¢ %, Clear issue for PMOS

o7
§ — 1e-8-] fOP'VDD>9V HOD
S E =1 (I
— 1e-10
c E- Te-11 I I I I ;ii:i::fr:numn ;::::mhmmn
‘9 < Te-12| I I I 3; 3 sovension leakage
{d M- b id I * I PMOS I I/ HOD leabape l 4-HDD|;.|L.FI 5 GIDL
g 1e-14-] [i/l | V, sweep Ground
—_— 1e-15 | |

lel6 “  Components responsible for current in the

1e-17 H i

I Sl T A B TR R T accumulation regime:
Vo[Vl " Junction leakage (HDD to well leakage (4),
HDD/LDD to Halo to well leakage (3)).
" GIDL (5)

“  Probing (4) — HDD/WWell junction leakage.
Measurements done on area diodes.
®  PMOS junction: high current atVyy 10V, due to avalanche onset.

“umec....

i
hnical  CONFIDENTIAL
EECEEICB 36

£33D



JUNCTIONS ANALYSIS ON ‘DOE BEST PROJECTION’

1.E-04

1.E-05
1.E-06
1.E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-12
1.E-13

leakage [A]

-Vg (=Vp) [V]

Probing configuration (1) —
Measured currents:

(N+(3)+(4)

Component (4)

*Note: some currents
normalize with surface,
others with device width.
Current therefore
expressed in A for
comparison.

° AtVpp 7V, NMOS/PMOS HDD to well leakage
component (4) << extension leakage.

°  Above ~Vp 9V, PMOS HDD to well leakage
component (4) becomes the dominant source of

~ junction leakage.
mec....
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leakage [A]

Woafer: AL904930 ‘DOE best guess’

Configuration (1) Configuration (2)

ground Ve

I SR H-res crmianation IH':I
L gate curment

3 extermion leakape

4 HOD leakage

I: SRH-recombination
1 gare ourrent

3 sovension leadaps
4 HOD leakage 5 GIDL

1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-12
1.E-13

Wy sweep Ground

Probink configuration (1) —
Mdasured currents:

L(H)+(3)+(4)

|

PMOS,

Complonelpt (4)

-10 -8 -6 -4 -2 0

Vg (=Vp) [V]



JUNCTIONS ANALYSIS ON ‘DOE BEST PROJECTION’ )

1.E-04

Junction | Probing configuration (2) —
_ 1.E-06 NMOS Leakage+GIDL, <«— Measured currents:
’ +(3)+(4)+(5
g. LEO8 § w = _=Ium (N+G)+#)+(5)
~ Probing configuration (1) —
< 1.E-10
— Measured currents:
Y 1E12 (H*+(3)*+4)
g ~
8 1.E-14 s'
— H m
1.E-16 junCtlon *Note: all currents E’
Ieakage normalize with ®
1E-18 ' ' ' transistor width -
0 2 4 6 8 10
Vp [V]

ical
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Wafer: AL904930 ‘DOE best guess’

Configuration (1) Configuration (2)

ground

HDD (3} HDD

T: SAH-recombination (4)
& gate current
3 exterion leakape

4 HDD leakcage
\"ns!mop ]Gmund
[ PMOS,
i Ws=Ls=Ipm

Junction

Leakage+GIDL
1.E-10
1.E-12
LE14 ¥ Junctidn
L8 T Jeaka :
1.E-18 4 g? 4 4
-10 -8 -6 -4 -2 0

Vp [V]

AtVpp 7V and above, NMOS/PMOS GIDL is several orders of magnitude higher than

junction leakage.

Overall conclusion: if Vy5>7V, GIDL current (NMOS/PMOS) and HDD to well leakage

(PMOY) are the key parameters to optimize.
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OUTLINE

Introduction
DRAM peripheral devices

NAND peripheral devices

Conclusions
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CONCLUSIONS (1/2)

DRAM peripheral devices learning:
® FinFET with Fin height 80nm and undoped epi S/D + lon Implantation:

* Demonstrated current improvement wrt no Epi fins, for no short channel
margin degradation.

* Demonstrated current improvement wrt Fin height 40nm with Epi.
* Improvements confirmed in lon/lorr (normalized per footprint).
° Demonstration of D&GR FinFET w/ fin height 80nm & PEALD TiN:

° 110mV V4 shift w/ LaO D&GR, 185mV V shift w/ Al,O; D&GR, for no
gate leakage/mobility penalty.

° No Gate leakage penalty wrt to D&GR planar baseline.
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CONCLUSIONS (2/2)

NAND peripheral devices learning:
" Poly/SiO, & HKMG (SiO, ISSG/HfO,/PVD TiN) thick oxides integration:

* Gate leakage/Long channel mobility/l5\(lope): no impact of HKMG gate
stacks on top of SiO,.

NAND anneal impact: no EOT variation, eWF reduction, and roll-off clearly
increased with NAND anneal.

Junctions learning:
* Current BKM junctions work with EOT=5/10nm up to V=7V.

* Cutting extension doses (LDD, HDD,APT, ...) yield some |ormin
reduction, as predicted by TCAD, but not enough to enable high V.

Decreasing GIDL current is key for the transistor to sustain higher
supply voltages.

“ HDD to Well leakage is also very high in PMOS forV5>9V.
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