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Miniaturization by Moore.... over 40 years ago (1965)

Cramming more components
onto integrated circuits

With unit cost falling as the number of componanis por
dircuit rises, by 1975 goonomics may dictate squoezing as
many as 65,000 comp-onenis on a singlo silicon chip

By Gordon E. Moors
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Miniaturization and diversification....
Two ways to build device-based systems ...
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Miniaturization and diversification....

baseline HV sensors  bio,

CMOS memory F  Power passives actuators flui<|jics
2000
2005
2010 I b
130 150-200 mm

2015

size
[nm]

2020

Non-CMOS devices, multi-chip (MEMS, Lab-on-Chip, ..) in SiP solutions
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Miniaturization by Moore...... foreseen or not ?

Cramming

more components

onto integrated circuits

With unit cost falling as the number of componanis por

wircuit fses, by 1976 goof
many as 65,000 compond

By Gordon E. Moors
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systems out of smaller functions, which are separately pack-
aged and interconnected. The availability of large function .,
combined with functional design and construction, should
allow the manufacturer of large systems to design and on-
struct a considerable vanety of equipment both rapid!y and
economically.

Linear circuitry

Integration will not change linear systems a. radically
as digital systems. Stll, aconsiderable degree ¢ integration
will be achieved with hnear crcuits. The lack of large-value
capacitors and inductors 15 the greatest fundamental lmita-
tions to integrated electronics in the linear area.

By ther very nature, such elements require the storage
of energy m a volume. For high O it 15 necessary that the
volume be large. The incompatibility of large volume and
miegrated electronics 1s obviows from the terms themselves.
Certain resonance phenomena, such as those m piezoelectric
lications for tun-

mg functions, but mductors and capacitors will be
for some time.
The inti:EraIud -1 amplifier of the future might well ¢

ervstals, can be expected to have some a
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5150 of integrated stages of gam, giving high performance at
minimum cost mterspersed with relatively large tuning ele-
ments.

Other hnear functions will be changed considerably. The
matching and tracking of similar components in integrated
structures will allow the design of differential amphifiers of
greatly improved performance. The use of thermal feedback
effects to stabihze integrated structures to a small fraction of

adegree will allow the construction of oscillators with crys-

tal stability,
—

Even m the microwave area, structyfes included m the
defmition of integrated electronics will lecome mereasingly
mportant. The abiliy to make and gSsemble components
small compared with the wavelengfls mvolved will allow
the wse of lumped parameter design/at least at the lower fre-
guencies. Ttisdifficult to predict gf the present time just how
extensive the invasion of the mifrowave area by integrated
electromics will be. The succesftul realization of such items
as phased-array antennas, forexample, wsing a multiplicity
of integrated microwave pogfver sources, could completely

revolutionize mday /
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RF passive devices for mobile communications

Switchable MEMS

" Passive integration in SiP

front-end power amplifier
esp. integrated
capacitors

2 MEMS
& oscillators

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland 8



NXP: Vias and Integrated Passives (VIP) for SIP

Passive and heterogeneous integration charter :

« High-density capacitors - System in Package

— MOS and MIM trench cap arrays for — Fine (and tapered) vias for heat

RF-decoupling & filtering spreading, DC grounding, RF signal and
— Ultralow ESR and ESL interposing / re-routing
— Low temperature drift — Laminate and Si-based
— Reduced size — Double-sided wafer processing and die-

stacking
agPpy— — Wafer Level Package
— Chip-scale

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland 9



Capacitance increasing from ~1 (planar) to 400 nF/mm? (trench)

- thinner dielectrics
(breakdown limited)

- Porous Si = ~ 25-30 x |
- HSG: Hemispherical Si Grain 2 ~ 2 x o 30 Lm
- MIMIM.... & ~2-3 ;

- medium-k dielectrics : =» ~1.5-15x
Al,O,, HfO,, Ta,O,, La,0;- ZrO,, nanolaminates, (Ba-)Sr-Ti-O
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Trench capacitors: use of 3™ dimension

C=¢g,¢€ A /d 2> ~25-30x surface with trenches in Si




Capacitor manufacturing

Plasma etching with SF;/O,and C F, (‘Bosch’ process)
up to ~ 30 um depth

Si substrate

Etching of trenches in Si substrate

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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RIE etching (‘Bosch process’)

e

~ 30 um dee‘p
~ 1.5 um dia.

~ 3.5 um pitch

~1 um /min

31.9 pm

AccV  Spot Magn
100kv 3.0 4000x SE 13.1 Philips b T=10°C

PowerSoC08, Sept. 22-24, 2008, Cork, Ireland 14



Capacitor manufacturing

Local P-doping of high-ohmic substrate
remaining substrate high-ohmic for further PASSI™ integration

n+-Si
counter
electrode

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing

'ONO' dielectric:
thermal oxide, LPCVD nitride, LPCVD oxide

5nm 20 nm 5 nm

dielectric
n+-Si
counter
electrode

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing

LPCVD in-situ doped poly-Si
~0.7 um

n*t-polySi

dielectric
nt-Si
counter
electrode

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing
Poly-Si etch

n*-polySi

dielectric
n+-Si
counter
electrode

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing

Dielectric etch

n*t-polySi

dielectric
nt-Si
counter
electrode

Si substrate

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing

Al evaporation
~1to 2 ym

metal top electrode

™

n*-polySi -

dielectric
nt-Si
counter
electrode

Si substrate

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Capacitor manufacturing

flip-chip
capacitance tuned mountable
by area bottom
electrode

metal top electrode \ — N

.HHH = _ Y '

o : |

n*-polySi —__
dielectric —
n+-Si f/
counter
electrode

Si substrate 4

PowerSoC08, Sept. 22-24, 2008, Cork, Ireland 21



over entire pore depth
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Capacitor performance (wafer level) MOS

103
e
L 102 ~35 um dry-etched pores
= 30 nF/mm?
O
dE, =10 MV/

S 10 and E,, cm
O
"N e M2
S 1 T
Q.
®

102

102 10-1 1 10 102
Top electrode surface (mm?)
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Capacitor performance (wafer level) MOS

10-4 T ~— | density: > 30 nF/mm?2 W
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Dielectric breakdown and accelerated lifetime
testing at 100 °C (wafer level)
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Intrinsic operating voltage of 10 V (wafer level)
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RF decoupling (die level) MOS

' 0 =
\ / < -5 ™ ,,/
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RF decoupling (die level) MOS

- 0 =
\ / ‘ _5 ™ ,4/
S_A -\ 4 /4 e
C = 10 { 2.2/nk \\MOS Discrete! 2.2 nfF
Z 15 - \ |
» -20 - \\ //
L S 25 - \ /
0 N / ol
E '30 \\ / ;‘r/‘.ﬂ
(7)) \\ /
R ;o SR
[ 40 ‘\ __;9-
— -45 ha o
-50
LCR modeling: 1.0E+06 1.0E+07 1.0E+08 1.0E+09 1.0E+10
MOS Discrete f(Hz)

L(nH) 0.038 0.5

R(Q) 0145 0.4 Superior, low-loss RF decoupling !!

PowerSoC08, Sept. 22-24, 2008, Cork, Ireland 28




Devices in RF Modules and System-in-Package

1 um Al 3 um Al
Planar capacitor Resistor Multi-turn Bumping
1.5 nF / mm? 50 Q/sq Inductor Pad
Oxide
Metal 2
High-ohmic substrate Metal 1
. 1 kQ2.cm
. Poly
PICS capacitor ONG
~25 nF [ mm? T
v V v V4V. v éy v v
1 2 3 5 7 8
8 masks » HL Pi PS coO M1 CO2 M2 UB

High/Low PICS Poly Contact Metal1 Contact Metal2 Under
Ohmic Silicon Opening Opening Bump

29



Si-based SIP assembly technology

Flip-Chip in plastic package

Molding compound

Lead " Die pad Die attach Interconnect
to leadframe

PowerSoC08, Sept. 22-24, 2008, Cork, Ireland 30



RF System-in-Package Modules commercialized by NXP

1G SiP Bluetooth ‘plug and play’ radio module:

active RF chip integrated on passive die

RF active die §jlrae 8 s S
150 pm thick Sifss — e SRR

Decoupling passive die
capacitors 300 pm thick

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland Iead frame 31



PICS: Passive Integration Connective Substrate

PICS1: sold in > 300 M SiP devices with
high-density capacitors (25 nF/mm?)

AccV  Spolt Magn Det WD 1 10pum
5.00kV 3.0 2000x TLD 5.1 PhL- 03/0038 -

MNexperia Sy.Sol 6100

power
amplifier

o ']
‘B i 1" Wi 1 i
g e .y
s L
L T
- Ll
¥ (g
¥ .
: ® @
N A —

i il . i . s ok

Sillcan based System in Paclage
fiassiii bowe IC Bur O5M GRS, EDGE




NXP’s Roadmap and PICS Process Capabilities

* PICS1: mass volume manufacturing « PICS2: qualified in 2007

— High value decoupling capacitors: — High value capacitors:
¢ 25 nF/mm? 80 nF/mm?
« Vbd=32V * Vbd=15.5V
« Low ESR =40 mQ « ESL=50 pH typical
* Ultra low ESL < 40 pH — P Thinner ON (16 nm)

32 um high pillars

; |
A W pol Mg L=l ‘WIS F 1 o om
EODEY S0 B0l 1 74 FPhl - 06E0T AR .
¥ 5

] q | | ;
See also NXP’s paper 6.3 (H.J Bergveld PICS3: 250 nF/mm? demonstrated
et al.), on Sept. 25 on inductive down- — »More layers, deeper pores

conversion using « PICS2C » technology pics4: 400 nF/mm? demonstrated
(with 8 um Cu — P ALD layer stacks

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland 33
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* ‘Moore than Moore’vs. ‘More Moore / Beyond’

« Conventional MOS trench capacitors for decoupling
— ONO / (poly)-Si stacks

 NXP Roadmap for 3D System-in-Package (SiP)
— From MOS to MIM capacitors from ~25 to 400 nF/mm?

. ALD of multiple high-k MIM (TiN / Al,O, / TiN)

« Growth and processing

e Structural and electrical characterization

« Concluding remarks

PowerSoCO08, Sept. 22-24, 2008, Cork, Ireland
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Stepping up from 25 to 400 nF/mm?

- thinner dielectrics
(breakdown limited)

- Porous Si = ~ 25 - 30 x |
- HSG: Hemispherical Si Grain & ~ 2 x o 30 Hm
-MIMIM.... > ~2-3 !'

- medium-k dielectrics : =» ~1.5-4x
Al,O,, HfO,, Ta,O;, La,0;- ZrO,, nanolaminates, (Ba-)Sr-Ti-O




AccV Spot Magn Det WD b——mmm
12.0kV 8.0 20000x SE 6.7 HSG ASMI on EXSTC W10416#10

|

g -
AccV Spot Magn Det WD ———— 500 nm
12.0kV 30 50000x SE 7.0 HSG ASMIon EXSTC W10416#10




Thermal ALD of multiple MIM in high aspect ratio pores
M
AL O.(10nm) |
M
Al,O,(10nm) '
M
* I Acc¥ Spot Magn Det WD I—| 10 pm
~M

* AlL,O, at 380 °C using TMA and O, - cycle time: 3.5 s
* TiN at 400 °C using TiCl, and NH, _cycle time: 1.8 s

» Part of wafers post-dep annealed after each Al,O, layer:
5 mins at 400 °C in O, to reduce defects (O-vacancies, etc.)

37



(Thermal) ALD of Al,O, from Al(CH;); and H,O

Atomic Layer Deposition animation on:

http://www.cambridgenanotech.com/animation/

- sequential pulsing of precursors - self-limiting (ligand exchange)
- purge/ vacuum between all pulses - step conformal %8




Stepping up from 25 to > 400 nF/mm? (world record):

Excellent step coverage in
High Angle Annular Dark Field »

at pore bottom -1
(30 pm)

|_—I 500 nm
IEEE EDL 29, 740-742, July 2008 and Solid State Technology 37 May 2008 39



High resolution TEM

ing

~* sharp interfaces after O; anneal

* reproducible layer thicknesses

40



Electrical connection on capacitor

PowerSoC08, Sept. 22-24, 2008, Cork, Ireland 41



Bond pads on triple MIM capacitor




Improved leakage for 400 nF/mm? capacitors after O, anneal

0.1

Current (A)

5 Planar: annealed
o Trench: annealed
Planar: as deposited
Trench: as deposited

Voltage (V)
IEEE EDL 29, pp. 740-742, July 2008
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Improved leakage and breakdown for capacitors after O, anneal

Weibull plots indicating reproducible leakage current and breakdown

(35 samples averaged) :

2 2
1+ _——;'O © Trench: annealed 1 ,, ¢ Trench: annealed .
- - - Planar: annealed | - Planar: annealed &
—_ O t —_: C O T 3:
£ - €
‘é’ -2 T T -2+ g
= - =
-3+ : -3 g-
- C o
-4 e 4 -
-5 -+ P | ‘ 1 5 L I |
0.01 0.1 1 10 100 0 5 10 15
lLeak [NA] Veo [V]
44
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Breakdown Field (MV/cm)

What to expect with future ‘high-k’ ?

100

(=
-

L]

0.1 -

| Felystyrene

| vap glow

React. Sputl ’H{xx} o

0 Experimental results from literature

Tro, ‘Best can do’ line

SiN,

20
E'D]D FECVD = T

-ﬁﬂaﬂ mHEF; PTi0,

s, | o0

RF Sputt
0 u#‘sﬁh.

BN

| M TETry T 1 T T TFIT{ I I TTrErTy | T T ¥Frewre

k 10 100 1000

P. Jain et al, IEEE Trans. Advanced Packaging 25 (3) 454 (2002)

10000
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Breakdown Field (MV/cm)

100°

-
-

i

0.1

A ak L

ALD of La,05-ZrO,. potential for 1-2 yF/mm?!

La:Zr

1:0

4:1
1:1

Zr0, ‘Best can do’ line
20

L] LI R B |

k 1o

T T T TFrry I T T ETTy F T T iTryrT

100 1000
ASM £ %H%
REALISE
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Capacitance Density [nF/mm?]

Integrated 3D capacitors in Si

5x PICS2
density

1000
e NXP/Philips World record B.IE.EE_-
0 Others %7 ECS
100 - .
2 MRS 5 ESSDERC A6 MRS
1 IEDM - T
- 0O 4 E‘L5| PICS2 :
10 1 SIS0 Transferred to production
PICS1: In production at NXP
1 | | | |
2000 2002 2004 2006 2008
year

201C

Overview of published capacitance densities

* |JEEE EDL 29, pp. 740-742, July 2008
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* ‘Moore than Moore’vs. ‘More Moore / Beyond’

« Conventional MOS trench capacitors for decoupling
— ONO / (poly)-Si stacks

 NXP Roadmap for 3D System-in-Package (SiP)
— From MOS to MIM capacitors from ~25 to 400 nF/mm?

* ALD of multiple high-k MIM (TiN / Al,O5/ TiN)

« Growth and processing

e Structural and electrical characterization

« Concluding remarks
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Concluding remarks

« Passive integration (3D caps and other passives):
- Ongoing, for new and future functionalities:
decoupling, filtering, DC-DC conversion in System-in-Package
- Back-end temperature processing, compatible with CMOS, MEMS, etc.

« Capacitance density > 400 nF/mm? demonstrated with ALD
for TiN / Al,O, multiple MIM stack

« Outlook: > 1-4 yF/mm? foreseen
- La-Zr-oxide: k~32
- BaSrTiOx: k~80
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