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INTRODUCTION

VACUUM TUBES

De Frost with a vacuume tube triode [2]. A vacuum tube radio [12]. Around 1940.

Around 1920.
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INTRODUCTION

VACUUM TUBES
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De Frost with a vacuume tube triode [2]. A vacuum tube radio [12]. Around 1940.

Around 1920.
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INTRODUCTION

FIRST TRANSISTOR

plashc

John Bardeen, William Shockley, and
Walter Brattain (Bell Laboratories) [1].
1947.
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INTRODUCTION

FIRST TRANSISTOR
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FIRST INTEGRATED CIRCUIT

Jack Kilby's integrated circuit [3]. A single First patented integrated circuit [4].

transistor IC. 19509.
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INTRODUCTION

MODERN INTEGRATED CIRCUITS

The VULCAN IC for PMT readout.
Size: 4.5 x 4.5 mm.
Technology: 65nm CMOS TSMC [7].
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INTRODUCTION

MODERN INTEGRATED CIRCUITS

' ’ VULCAN vs. Kilby:
~ 10 OOO OOO foId mcrease in transistor density in ~ 55 years

Input from PMT
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The VULCAN IC for PMT readout. A diagram of the VULCAN chip.
Size: 4.5 x 4.5 mm. Forschungszentrum Julich GmbH -
Technology: 65nm CMOS TSMC [7]. ZEA-2 __
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TRENDS AND ISSUES OF MODERN IC’

CMOS TECHNOLOGY - BASIC STEPS |

melting
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growing
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_ Sicylinder — an Ingot

1-2 meter in Length.
Hundreds of wafers

— ™
> > ..
Slicing into
_ a few more
wafers (disks) technological
steps...

Dummy
wafers
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Diameter Thicknes
(mm) s(um)
150 675

200 725
300 775
400 825
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TRENDS AND ISSUES OF MODERN IC’

CMOS TECHNOLOGY - BASIC STEPS Il

To describe transistor formation on a wafer a single slide
IS not enough. Only a few major steps are shown below:

WAFER
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4, Bch mide for tMOSFET

Tx] 1 =
I
5. Grow gate axide

=l I 1 [
e Amai L |
b. Deposit polysilicon

oK.

o o/ |
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7. Btch pohysilicon and oxide
onl = [ 1 p= [

Pty pesubstm =

8. Implant sources and drains

Pty pe substmie |

Figures from [11]
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TRENDS AND ISSUES OF MODERN IC’

CMOS TECHNOLOGY - BASIC STEPS Il
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Figures from [11]
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CMOS TECHNOLOGY - BASIC STEPS I omons
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TRENDS AND ISSUES OF

TRENDS: TRANSISTOR SCALING

Original Device
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Transistor scaling - downscaling [6].
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10 10,000
15 - 1,000
=5
0.1 - 100 3
~0.7X every
2 years
0.01 - 10
0.001 T T T T T 1
1970 1980 1990 2000 2010 2020 2030

CMOS Technology node vs. year.
“Moore’s low in action” [3].
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TRENDS AND ISSUES OF MODERN IC’

TRENDS: TRANSISTOR SCALING

Original Device
d

i ITZE g %l[ Y, 1 - 1,000
Today - “A technology node is simply a commercial name ;

for a generation of a certain size and its technology, and
does not represent any geometry of the transistor.”

| 1= T
Source (s N, =N, § Drain (d IY]
e N =M S L/ 0.001 -1 T T T T T ™ 1
Ny 1970 1980 1990 2000 2010 2020 2030
Transistor scaling - downscaling [6]. CMOS Technology node vs. year.

“Moore’s low in action” [3].
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TRENDS AND ISSUES OF MODERN IC’

SCALING: PROs

Functionality per unit area increases

Power per function decreases

Transistor delay decreases

Cost per single IC decreases

Radiation hardness increases (thinner gate oxide)
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TRENDS AND ISSUES OF MODERN IC’

SCALING: CONs (NOT A FULL LIST)
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« Power density increases (more transistors per area, heat dissipation critical)
« Leakage current increases (static power consumption)
« cure: high-k materials
» Probability of tunneling increases (unstable transistor operation)
« cure: triplicated logic / majority voting = at the cost of chip area
« Metal interconnection delay increases (RC-delays)
« collides with transistor speed increase
* Interconnections consume more area than transistors
« cure: low-k materials
« Analog / RF designs benefit less (lover voltage, shorter channel - bad signal control)
* mixed signal / analog IC design more complex, analog signal degradation

« Soft errors increase (radiation causes wrong data in memory cells)

60 _ b
Cost of new Fab 2010 = $50B )

~10% of

annual market 2018: only five
foundries with

20 | 1995 = $1B < 28nm CMOS

](())_ anmfa?market FrOm [8]

1
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TRENDS AND ISSUES OF MODERN IC’

SCALING: CONs (NOT A FULL LIST)

« Power density increases (more transistors per area, heat dissipation critical)
« Leakage current increases (static power consumption)
cure: high-k materials

« collides with transistor speed Increase
* Interconnections consume more area than transistors
« cure: low-k materials

« Analog / RF designs benefit less (lover voltage, shorter channel - bad signal control)
* mixed signal / analog IC design more complex, analog signal degradation

« Soft errors increase (radiation causes wrong data in memory cells)

60 _
Cost of new Fab 2010 = $50B )

~10% of
annual market 2018: only five
foundries with
1:)1%; :f$18 < 28nm CMOS
r////‘(om 8].

1
1989 1992 1995 1998 2001 2004 2007 2010
23 August 2018 Page 11

i
[
|

N
o
1

N
o

o
|

Fab Cost ($Billion)
(o)
o
1

o

lJ JULICH

Forschungszentrum

Member of the Helmholtz Association



TRENDS AND ISSUES OF MODERN IC’

SCALING: CONs (NOT A FULL LIST)
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« Power density increases (more transistors per area, heat dissipation critical)

« Leakage current increases (static power consumption)

cure: high-k materials

..although, some were predicting the end @ ~ 100nm,

. A...and we are already @ 7nm...

al control)

« mixed signal / analog IC design more complex, analog signal degradation

60 _ Y
Cost of new Fab 2010=$
50 ~10% of

30

Fab Cost ($Billion)

40 | annual mark

50B

e/
20 | 1995 =$1B
10 i
annual market
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TRENDS AND ISSUES OF MODERN IC’

CONs - SYSTEM LEVEL

PCB from 60’s [12]. Modern PCB: same concept from 60s :
* Bulky
« Trace number limited, traces long - RC-delays
* Multiple ICs 2 “memory and bandwidth walls”
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3D INTEGRATION TECHNOLOGY

THE CONCEPT — USING 39 DIMMENSION

ACTUATOR PROs

Isnfl'\"gé’; % « Mix technologies = best “nm” for functionality
 Less PCB -2ICs stacked, PCB RC-delays low

« Less than mm interconnections — IC RC-delays low

« Large buses - high bandwidth

« Very large memory elements

« Also MEMS and CMOS mixing

MEMORY

CONs

« Not mature - high price, high production risks

* No single development tool (EDA)

« High transistor density per volume area — heat
dissipation high

* low yield

A diagram of a 3D chip with mixed
technologies [10].
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3D INTEGRATION TECHNOLOGY

TECHNOLOGY ENABLERS

TIER 3

v,

| H ]

TER — S, m
BONDING [~

TIER 2

<

INTER-
TIER —)‘
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Cross-sectional diagram of a 3D-
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MOS

Wafer fo Wafer bonds
pads

/ TSV
A through silicon Via [11]

BOND PAD

IC metal lines

C METAL Wafer #2
LAYERS ﬂ’éﬁ&ﬁlﬁ' $i0, / Polymer
interface
Wafer #1
chip [10].  Technology enablers [11]:
« TSV (electrical / mechanical connection)
- Wafer-to-Wafer bonding (same as above)
« Wafer thinning
23 August 2018 Page 14
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CURRENT STATE OF 3D INTEGRATION

EXAMPLE |: READOUT IC PROTOTYPE FOR ATLAS PIXEL DETECTOR

%
N ¥,
________ NS /\

| |
| |
| \x |
T Ty Sypempiy R -

2] 4

5 <+—— BUMP BOND —»
i ——— fof-- =
: SIGNAL : ANALOG TIER -

AMPLIFICATION
| | e ..
| |
I X I
I SIGNAL™ |
| SHAPING | —
WAFER
- —> LAYER

T ——— _ _ BONDING #
| [ conFicuraTION !
| BLOCK |
I I—[ PIXEL HIT :
| 5
I | conTROL Peromee ' e wwe
1| BLock
|
I
|
l

ﬂ TRANSISTORS
-

Smaller detector pixel size, separation of Comparison of layouts of 2D and 3D ATLAS
analog and digital circuits [10]. pixel readout prototypes:

« Comparable amount of transistors
» Footprint twice as small.
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CURRENT STATE OF 3D INTEGRATION

EXAMPLE II: NVIDIA

I LSirrohump
& o @ @

IR

B 66 &

0 O @

|

& &6 .

| PHY PHY GPU/CPU/Soc Die
:a @ @ @ 6 @ @ @ @ @ @ ee-ew- aeam =& @ @ @

00N i 0 0 0 0 10
I I I E E E B NN N DS I W
Package Substrate

Reason: smaller form factor, larger memory — GPU bus / interface,
higher data speed. Example of 3D and 2.5D mixing (interposer) —
avoiding PCB resources [www.nvidia.com].
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CURRENT STATE OF 3D INTEGRATION

EXAMPLE [lI: SONY IMAGE SENSOR

Image Top View

Peripheral
TSV
(Pixel-DRAM)
Bl-Pixels !
: Pixel 1 f
ﬁlxels/ i xe
3
> Interface between_
DRA bl Pixel and DRAM | TS\oifiG e
% DRAM 5
= 30 nm Process :
DRAM 7 Memory Cell

Logic
substrate (Si)

Interface between|_
LOgiC DRAM and Logic

same chip size Logic —

Column ADCs x 2

Reason: technology mixing, speed increase — super slow motion video rate
of ~ 1000fps [www.sony.com].
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EXAMPLE [lI: XILINX FPGA

High-Bandwidth,
Low-Latency Connections

Microbumps
Through-Silicon Vias (TSV) Super Logic Regit_ms
Heterogeneous Die (Homogeneous Die)

C4 Bumps
Noise
Isotation

f SLR0 — Super Logic Region
O e 65 nm Silicon Interposer
EmE e e g e e WG e — e T —

Package Substrate

BGA Solder Balls

WP 01 112812

WG 00 111D

Heterogeneous 3D FPGA with Integrated 28G Transceivers

FPGA Enabled by SSI| Technology

Reason: technology mixing. High speed data rates. Example of 2.5D integration
[www.xilinx.com].
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« Semiconductor technology (Si based) is a very robust, universal, mature tool, used
for majority of ICs and sensors on the market. Attempts for scaling down beyond 7nm
will continue to keep pace with market demands.

« 3D integration is one of the “alternatives” offering functionality increase by mixing
different technologies inside a single stacked IC. Still in its infancy to be widely
accepted by market.

 WRT other “alternatives” to more-than-moore technologies, the 3D integration seems
to be the easiest one as all technology enablers have been used separately for a
long time already.
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