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3D sequential integration

I | | I
Bottom MOSFET process
with or wo interconnects

Top active creation
thin (10-100nm)

Top level pattern by litho

Top MOSFET process Alignment TOP/ BOT

e.g: 28nm node: 30<5nm

)

Iml ‘.'m_a;l l'.ml Im_ml | 3D contact formation:
xyde

. E Standard W plug in oxide

Slide 4



3D sequential integration

I | | I
Bottom MOSFET process
with or wo interconnects

Top active creation
thin (10-100nm)

Top level pattern by litho
Top MOSFET process

)

<,°°®é
Iml ‘.lm_ﬂﬂ. l'.ml Im—al| | 3D contact formation:
xyde

) E Standard W plug in oxide

3D Contact scales with
the device technology
e.g: 28nm node: ~40nm




I

)

Lal E..:mﬂm ln_al

el

3D sequential integration

Bottom MOSFET process
with or wo interconnects

Small 3D via AR

Top active creation
Small Parasitic C

thin (10-100nm)

Top level pattern by litho
Top MOSFET process

3D contact formation:
Standard W plug in oxide




Packaging integration
(e.g.: TSV, copper to copper bonding..)

1/ Wafers processed separately

u-ﬁnrir.if

2/ Stacking and contacting

Alignment made during bonding
30 min = 250nm

Slide 7

Sequential # Packaging integration

Sequential integration

ol

4 Lf AL
1

I Erﬂu
Alignment by lithography
30 = 5nm (28nm stepper)




3D contact density
3D packaging
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3D sequential 3D contact width (um)

2x107 via/mmZ demonstrated [1]
Reachable 3D via pitch @ 14 nm node =80nm
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3D partitionning levels
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Using sequential 3D at the smallest granularity

4-Transistors

3-Logic gates

Granularity scale

. 3D packaging ,

3D sequential

3D sequential offers the N & PFET stacking opportunity
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N/P stack: the integration engineer’s graal

If for each FET polarity, one were to pick the best possible:

e Channel material * Contact metallurgy
 Gate stack e Surface orientation
e Stressors » Device Architecture
p-Si(110) ) wcaAsOlEpEE | ©)
. n-Si(100) n-l-v
p-Ge

...then 3D sequential spares numerous litho steps
and process selectivity challenges vs. co-planar

*p, Batude et al., IEDM 2009 (Leti) **T. Irisawa et al., VLS| 2013 (AIST) Slide 13




Interconnect delay supression:
the designers’ graal

1L.E+05 |
»
2 -~
1.E+04 ——
Interconnect RC
1.E+03
< 1.E+02
a RC dominant
1.E+01 '
1.E+00 —I-—l—.;.\.—..
Transistor delay -d-_g
1.E-01 *

N9O N65 N45 N28 N200 N16  N10 N7

Extracted from Geoffrey Yeap, Qualcomm's VP of technology IEDM 2013 Slide 14




Gain in interconnection delay > CMOS/ CMOS stacking
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|IC gain performance by wirelength reduction
No modification of the MOS technology




Gain in interconnection delay > CMOS/ CMOS stacking

L1 2+ } BEOL

= L -

 Depends on the technology node
 Depends on the application

e Hard to tell without dedicated P&R tools [1.2]

[1] K. Arabi et al., ISPD 2015 [2] O. Billoint et al., ISPD 2015 Slide 16




Full custom design: FPGA application

14 nm FDSOI
14 nm FDSOI

versus 14nm planar FDSOI

Top BEOL 3
(Cu & low-k)
M1 to Mx L

CoolCube DKIT: I -_ Partitioning:
]
]

3D Contact ]

(Pitch 80nm)

« Int. BEOL {
(W & Si0,) ﬁ l  Bottom level:
M1i to M3i SRAM memory
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Full custom design: FPGA application

Analysis using VPR5 flow

Area Energy Delay Product
11
4 - 10-
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0,9-. = 09+
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024 5nm S
4 < 044
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Number of 14 nm layers Number of 14 nm layers
14 nm
better than 10 nm
14 nm

[1]: O. Turkyilmaz et al., DATE 2014 [2]: ITRS 2013, “System driver summary Slide 18

[3]: ITRS 2013, “ORTC”



The new graal:
Circuit power efficiency

How: Distributed memory in between the stacked layers

Computation Immersed in Memory
" SHEET 3D Resistive RAM ' E =

\\(laver 1) Massive storage
1D CNFET, 2D FET Not TSV
Compute, RAM access
MRAM Ultra-dense
Quick access fine-grained
1D CNFET, 2D FET o vias
Compute, RAM access ===
Stacking 4 layers
. . 1D CNFET, 2D FET Silicon
Wlth RRAM n Compute, Power, compatible
between MOSFETS . -
[] N3XT Computing system [2]

X 1000 gain in consumption expected with computing in
memory - Need fine grain partitionning (Seq)




Thermal considerations: 3D seq vs 3D pack

A The substrate thickness is very small in 3D sequential
- smaller lateral heat conduction—> Hot spot

@ Small interdie thickness (60nm)

—> Die to die thermal coupling (vertical coupling) and
temperature smoothing via the substrate

105 |Max die-to-die connections

CoolCube Cu-Cu DB

—@— Cu-pillar 8 dies
—@— Cu-pillar 4 dies

~awnzees 3D sequential thermal

Cu-Cu DB 8 di

«o:e behaviour equivalent to TSV

—@— Cu-Cu DB 2 dies

-z Pase@d integration process

—@— CoolCube 4 dies

=
o
o

X}
(93}

Peak Temperature (°C)

—@— CoolCube 2 dies

Vo)
o
o

10 20 30 40 50 60 70 80
Die thickness (um)
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Outline

3D VLSI CoolCube opportunities
A Digital Computing (More Moore)
B Sensor interface (More than Moore)

Process integration
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Enabling the pixel 3D partitionning

A
A

1.4pm pitch pixel

RST

et T 1
_|

photodiode _|

Sensing READ ‘I
Node

e

[1] 07/’ BS| V/’//
Multiple benefits

e BSl integration - high quantum efficiency
e Photodiode area +44% for 1.4um pitch pixel

Sequential 3D can address these dimensions

[1] P. Coudrain et al., IEDM 2008 Slide 22




NEMS/CMOS CO-integration enabler

Challenge: detecting NEMS resonance

Stand alone NEMS + off-chip CMOS 3D sequential NEMS + CMOS
No density limitation
no signal attenuation

No density (pads number limitation)
Very strong signal attenuation (LP filter)

R

NEMS ASIC

Sequential 3D can solve detection limitation
Very small parasitics

|. Ouerghi et al., IEDM 2014 Slide 23



Summary: Sequential 3D application trends

2005 2017
/‘
Boosting
FET perf
Computing
‘< .
Moore’s law Replacing

scaling

Power
efficiency

Parallel
Pixel
processing

Sensor 10T {

More than Moore

Smart
Sensors
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Outline

Process integration
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3D seq demonstrations & main actors

“Conventional MOSFETs et al.,” (51, Ge and llI-V)
i.e. target 100% perf team

[1] SRAM cell. [2] SRAM cell. [3] 300mm. Inverters
Seed window. Molecularbonding Molecularbonding
(SAMSUNG 2007). (CEA/LETI 2010). (CEA/LETI 2016).
Ls~50 nm :
LT Si (600°C) !I'm\ - ! I
HT (sallc e ———u

[6] CMOS inverters
INGaASGOI (AIST 2014). [7] -V on Ge. ..
Top InGaAs-Ol wire nMOSFET (IBM 2015).

@g‘- LT 1l V

LT v

Bottom SGOIl wire pMOSFET
Si passi./HfC,

&Ge

Ge

H
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3D seq demonstrations & main actors

“Innovative MOSFETs et al.,” (TFT & CNT)
i.e. Low cost & low thermal budget team

[5] SRAM cell. Laser
crystallizedepi-like

withTFT ¢ [9]
RAM { [
SOnm o ( T 11 L 1] LTSi TFT (400°C)
_ . . layer Cu
| LTSi TFT (400°C 2
] ( ) CMOS. Eé g = § u
Amorphous
Si.(Topshiba 7 (i | BEOL
2010). Tt e
& HT (salicide) t TTTT'T" HT (salicide)

LT CNT FET (180°C)

RRAM
RRAM

A HT si

Slide 27




CoolCube'process flow

A - Bottom tier:
what maximum thermal budget to keep perf at 100%?

B- Top tier:
How achieving LT Top FET with 100% perf?

LT MDSFEI" \
i . ot o

ok LQLL:L alalolo o L]m[ 1400 °C STD MOS stab

1100°C STD MOS TB
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Bottom MOSFET stability

1200 ~{m— -
{ Ns laser {1 5% Stability validated
1000 -
g DSA laser 1 == Laser local top
o 800 - - level annealing
g
2 600- ﬁ;R% .
i 14nm FDSOI '
e Stability W1
200 1 1 1 1 1 1 1 1 1 1 1 1 1 [
in 1u im 1 1k 1M

Anneal duration (s)

Bottom MOSFET thermal budget process window
Will be summarized as «500°C 5h»
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Interconnections stability

TiN

‘E" 8
=+ 5
£ .
. 9-' 30
R & C stability [1] % 2
Up to 500°C 2h for Cu/ULK P
Up to 550°C 5h for W/ULK
Voltage Electricfleld __ |Refarence| 450°c | 500°c | 550°C
v (MV/em)™ Uiftstime (Yaar)
1115 0.458 104 10 104 10’
198 0.888 10 104 10 10
2.5 0.745 104 10% 10* 10”

Reliability validated for W/ ULK at 550°C, 2h [2]
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Thermal budget summary

Process
window*

Temperature

450 500 550 600 650
2h
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Thermal budget summary

Dopant O 1000°C
activation

ran
\J

Gate oxide SO0

stabilization

Process
window* Si @‘50°c

O

) Epitaxy

Spacer 630°C
) deposition

e\

A 4

Temperature

450 500 550 600 650
2h
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Low temperature junctions

Amorphization Annealing (<600°C)
SPER N\ 4
activation Buried Oxide (BOX) |—> Buried Oxide (BOX)
Si substrate Si substrate
] G —
>
N
= b
‘2 1E-6
>
®
‘S 1E-84
=1
=3 |
& B HT POR ‘ “ ® HTPOR
— 1E-10- = LT, tilt 7° (@] LT, tilt 15° 4
@ LT,tilt 25°

-800 -600 -400 -200 O 200 400 600 800
lon (LA/um) @ V + 0,7V

T_LIN

28nm FDSOI low thermal budget junction
Same I \-loe trade off as HT POR
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Low temperature gate stack

Degradation of NBTI with low thermal budget

100s (meV)

AV, @t

8 9 10 11 12 13 14 15 16
Oxide Field (MV/cm)

Options exists to improve the NBTI reliability within 525°C TB
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Thermal budget summary

PER o
) DeelpEue @ 1000°C
activation
Gate oxide Reducing treatments 800°C
stabilization < ]
Process
: « CDE _ ]
Q Epitaxy window < Si @gso C
Spacer S5iCO 630°C
O deposition < ]

Temperature

600 650 1000°°C

’

All the bricks 'I:I_3'are reaching the bottom stability
Rmk: lowering TB is a general need: Ge and IlI-V devices
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Manufacturability: Top channel creation

Si Thin film transfer by SOl bonding

SOl transfers above MOSFETs demonstrated in 300mn
Low thermal budget<400°C
Perfect cristalline quality and thickness control
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Manufacturability: contamination

Interlayer I FEOL
dielectric (ILD)

icide (Salicide)

Buried Oxide (80X) | T EOL
Si substrate Ni (at/cm?)

cleaning before bonding <9,4E8

bonding annealing <9,4E8
High-k deposition 2.9E+09

gate stack etch 8,3E9
epitaxy 6.40E+09

dopant activation annealing 2,8E9

bevel edge VPD-DC-ICPMS

Manufacturing compatible contamination
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300mm fab demonstration

'
o K
8 .
= ' :.:‘ -
a

v" Nanometric lithography alignment at wafer scale

v" 3D contact size=10o0nm

v 10nm thin top active layer
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Conclusions

The 3D contact characteritics offers a large set of applications
with timing depending on the technology complexity.

For computing, first assessments are promising and place and
route tools are needed to fully quantify the performance.

3D sequential is demonstrated in a 300mm industrial
environment

Bottom tier (MOSFET and interconnection) max TB =500°C 2h

All the bricks for top FET can be within this 500°C TB limitation
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