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Lecture 17

« BEOL and 3-D Integration

— Back-End-of-Line Technology
— 3-D Integration Approaches

Reading: multiple research articles (reference
list at the end of this lecture)




Back-End-of-Line (BEOL) Technology

Source: ITRS (2011)
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BEOL Metal

Cu Resistivity vs. Geometry
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Y. Hayashi, IEDM sc (2010)



BEOL Dielectrics
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BEOL Technology at 22nm

™ 14 14 14 um
M10 - - 360 nm
M9 - 360 360 nm
M8 360 240 160 nm
M7 240 160 108 nm

)

M6 160 108 | 80 | nm
M5 ,.1.Q& 80 || 80 | nm
M4 80 (| 80 || 80 | nm
M3 80 (| 80 || 80 | nm
M2 80 || 80 || 80 | nm

. AN VAN w,
M1 90 90 90 nm
111 lllllll':liillll TI11113111T « M1 requires double patterning.
o T L N « All other MLs use single patterning.

M. Bohr, Intel DF(2012)
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BEOL Technology at 22nm (Cont’d)

Table 2. 22 nm interconnect pitches

l(:m%r)' Process En'g,:gﬁgm CPU — 4 xpitch

Fin 60 - - Fin Fin -
Contact 90 SAC - Contact Contact 4 x pitch | .

M1 90 SAV JuLK CDO| M1 M1 3 x pitch
MT - 1X 80 SAV |ULK CDO| M2/M3 2-6 layers 3 oitch — Z |
MT - 1.4x | 112 SAV_|ULK cDO| ma Semi-global P - 2x pitch
MT - 2x | 160 SAV |uLK CDO| M5 Semi-global 17;1 ” p;;r’ccchh_ | ::: — 1.4 x pitch
MT - 3x | 240 SAV |ULK CDO| m™se Global Routing N Ema | 1xpitch
MT - 4x g%g Via First | LK CDO M7/8 Global Routing — '"'-."" - J(2-6layers)
MT - TOP | 14 um |Plate Up | Polymer M9 Top Metal High Perf High Density

CPU SoC

ULK CDO
S mmn W suppression of de-lamination

under thermal stress

S - - Early Version
~ ULK CDO FEIY
Technology Features: Optimized
« Carbon doped oxides (CDO) as ULK dielectrics

« Self-aligned via (SAV) process

C.-H. Jan, IEDM (2012)
12/4/2013 Nuo Xu EE 290D, Fall 2013 D. Ingerly, IITC (2012)



BEOL Passive Devices

Inductor MIM Capacitor Inductor technologies:

) ' » Spiral coils in single Al- or Cu-
metal levels are most common
types

» Usually on top metal, for
sufficient separation with
substrate

* Low-k dielectrics is also
preferred

Capacitor technologies:
* Poly-Si/insulator/poly-Si (PIP)

Insul\?aefc?i FEOL process — perform.
Metal degradation
additional steps — added cost
* Metal/insulator/metal (MIM)
M8 —TM BEOL process:
M. Bohr. Intel DE(2012 LPCVD SiO,: 1 fF/um?
- Bohr, Intel DF(2012) PECVD SiO,: 2 fF/lum?

R. Brain, VLSI-T (2013) Ta,O + Al,O,: 10 fF/um?
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BEOL Active Devices

Thin-Film Transistors (TFT) Micro-electromechanical Systems (MEMS)

/O Devices K. Kaneko, VLSI (2011)  TI's DMD Chip S.S. Li, Transducers (2007)
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S.M. Jung, Jf

VLSI (2004)

Sharp Switch Point

Switch \‘Shuﬁle
WILC -
Electrode Switch Eleqtrode

Applications:

« Replacement for some existing
MOSFETs (I/O devices, etc.) . Optical MEMS

» High precision, low noise resistors

: o * Resonators, RF switches
« Display and Image technologies: - Power devices (PAs, charge pumps)
LED, LCD and CCD
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Applications: ' MM VLS!(2013)

« Accelerometers, gyroscopes



BEOL Non-Volatile Memories
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A. Kawahara, ISSCC (2012)
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PRAM (Phase Change)

Change in atomic order
Rc:n << Rc:ﬂ’

e e el

roj 1]
Crystal Amorphous
Ge2Bi2Tes

D.C. Kau, IEDM (2009)

« CMOS-compatible NVMs can be fabricated using BEOL process.
« Possibility to extend into 3-D for high density (small F?) integrations

12/4/2013

Nuo Xu

EE 290D, Fall 2013



System-in-Package (SiP) Integration

gl N « SiP: a number of integrated circuits enclosed in a
S‘“@”“"“‘f“““r-‘ N single module (package).
amsung’s ) : ) .
SPH X4200 Y « Chips are stacked vertically and interconnected by
‘ fine wires that are bonded to the package.
« Mainly used for off-chip memories (flash, DRAM)...
* Limitations: parasite inductance (~ few nH);

thermal budget (soldering)

AMD
Stacked Memory Package
AMD/Fujitsu Flash Die
Samsung SRAM Die

= Stacked Memory Package
AMD/Fujitsu Flash Die
NEC FCRAM Die
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3D Integration: Not a New Topic

Akasaka, Y., and Nishimura, T., "Concept and Basic Technologies for 3-D IC Structure”
IEEE Proceedings of International Electron Devices Meetings, Vo. 32, 1986, pp. 488-491.
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Horizons for 3D Integration Technology

FEOL/BEOL Die on Die Die on Wafer

Sensor Chip

amamsma o o —— P - Pp— -
---------------------------------

--------------

LogicIC
Flash Memory

Through Silicon Vias

‘ Density Factors Si Interposer 3DIC

Signal Pitch, P 1000 (~1tmm) 10 (~10um) 10 (~10um)
Signal Length, L 1cm Tmm 1 (~50um)
Monolithic e | ~1k ~20k
Product Consumer Server, FPGA Mobile
Product attributes Low cost Hi_gh-end, performance  Small form factor,
driven, power hungry low power
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3D Benefits: Not Only the Low Cost!

Why TSV Interconnection?

TSV (Through-Silicon-Via) electrodes can provide vertical connections
that are both the shortest and the most plentiful.

High Power consumption Low Power consumption

Long Connection

Low Density High Density
Poor Heat Good Heat
Dissipation Dissipation

RC Delays Reduced RC Delays
High Impedance Low Impedance
Large Area Smallest Area

Challenging Interposers Simple Interposers
VO Pitch limitations Less VO Pitch limitations

TSV interconnects provide solutions to many limitations
of current SiP and Chip Stacking methods.

ﬁ Ecole Polytechnique Paris - 3D Technical

Symposium; November 2007 S= gyl reyr
Feges ==
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Through Silicon Vias (TSV)

TSV

wafer

|IIII_IIIrsv‘

Etching

Cc4 .
bump

: carrier

il i NN ¥ N N BN
carrier

[ _—
Trench e S BN MK E X N BN
open - grinding carrier
u-
Metal bumping
Inter-
metal

stacking

T. Lo, IEDM (2012)

* TSV has ~30x diameter
ratio over on-chip MLs,
hence has limited
applications.

12/4/2013

Industry Roadmap for TSV

Intermediate Level, W2W 3D-stacking 2009-2012 | 2013-2015
Minimum TSV diameter 1-2 ym 0.8-1.5um
Minimum TSV pitch 2-4 pm 1.6-3.0 pm
Minimum TSVdepth 6-10 um 6-10 um

Maximum TSV aspect ratio 5:1-10:1 10:1 —20:1

Nuo Xu EE 290D, Fall 2013
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TSV Applications: 3-D DRAM

« Allows heterogeneity in IC manufacturing:
» Logic circuits no longer suffer from the inefficiencies of the
DRAM process.
* Provides proximity to the memory for a small amount of logic
circuitry;
» Enables the light “Processing-In-Memory” style computation.

Hyper Memory Cube (HMC)

TSV

r' connections

« Data Transferring Rate: 15 times than DDRS3
 Energy per Bit: 30% reduction from DDR3
* Chip Area: 90% reduction

12/4/2013 Nuo Xu EE 290D, Fall 2013 15



Chip-on-Wafer-on-Substrate (CoWos)

« Motivation: Full die stacking through TSV may not be mature in the near term,
hence a Si interposer with TSV provides the option, which is the CoWos

technology. FPGA requires advanced, high speed technologies, which can takes
advantages of CoWos.

* Technology Features:

The test chip comprises a 40nm high performance FPGA die (w/ 11 metal
layers) and some other test dies, which are connected to the package substrate
through the Si interposer. There are micro-bumps, TSVs, 3 metal layers,
inductors and MIMs inside the Si interposer.

llustration of CoWos Top and Cross-sectional View of the Test Chip

00 o . .

S Interposer B Fackage Substrate
Package substrate oot

Top View - Cross-section
12/4/2013 Nuo Xu EE 290D, Fall 2013 16
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Monolithic Approaches:
Wafer Bonding

NMOS PMOS

~— Poly

Step 1 (std): On donor
wafer, fabricate standard
dummy gates with oxide,

& Oxide Step 5.
~ Low-temp oxide deposition

~ Bond to bottom layer

) ~ Remove carrier —— —— Oxide-oxide bond
poly-Si —_— __I—_l_ -
Remove (etch) dumm
IJ?I_I. gates, re;(nlace)with lelMG
Step 2 (std): Std Gate-Last ~ S/Pmplant NMOS ILD BMOS [ Fomdstion |
~ Self-aligned S/D implants «— CMP to top of Step 6 (std): On transferred layer:
. ~Deposit gate dielectric and electrode
~High-temp anneal

~CMP
~ Etch tier-to-tier vias thru STI
~Fabricate BEOL interconnect

~ Salicide/contact etch stop
or faceted S/D
~Deposit and polish ILD

NMOS PMOS

Step 3.
Implant H for cleaving

« Acrystalline Si layer transfer
technology similar to “Smart

H+ Implant Cleave Line

— Cut” used in previous SOI
substrates.
Step 4. _ « Thermal budget <400 °C
~ Bond to temporary carrier wafer Carrier

(adhesive or oxide-to-oxide)
~Cleave along cut line
~CMP to STI

«—— CMPtoSTI

Courtesy of D. Sekar (Monolithic 3D)
12/4/2013 Nuo Xu EE 290D, Fall 2013 17



Wafer Bonding Example:
FPGA

H: implant

1311111 Island patterning Allgned bondlng

HII|| il 11| (oe
Donor 4" Si <
0.18 um CMOS o 151071 oy S Coli o 11171
with 5 metal layers [ACcEptor Circuit cceplor circlt
Active region patterning
LTO isolation CMP
o 300nm eOI

Gate pattemlng
S/D implant

Gate stacks
Al 7 AlL,O,/ HfO,

. r_] - i

= Chip Core
)]
'_|-_..'. . = 2 Ge Islands

Z. Zhang, EDL (2013)
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