2010-03-25

Powtérka:

Koniec technologii krzemowej?
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/e tend to overestimate the effect of a

chnology in the short run and underestimate
the effect in the long run.

Od bramki do bramki. Jak dziata tranzystor?

18.04.1881, (Lemberg) - 8.08.1963, (Charlotte Amalie, U.S.A.) Much7, 1825, 1900018
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Jak dziata tranzystor? Nanotechnologia
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igure 3: Gate delay vs. ransistor physical gate length L.

1.2 nm SiO, gate oxide

Intel 2Q 2003: Strained Silicon
Oxide thickness: ~ 3 nm

Channel length: ~ 90 nm
Gate position: ~ 6 nm (!)
Characteristic time: ~ 1.6 ps
Prof. Juliusz Edgar Lilienfeld Subthreshold leakage: 0.01 mA/micron
1925 tranzystor polowy Cu,S (Lipsk) Parasitic RSD contribution: < 16%

50 nm generation transistor (Intel 2003)

Energy per switching: 0.35 fJ
html Static power dissipation: 5.6 nW

Zrtdio: ntel
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TRENDY: Pierwsze Prawo Moore'a
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Zrédto: Intel

NO EXPONENTIAL IS
FOREVER...

BUT WE CAN DELAY
,FOREVER”

Gordon Moore, 2003

International T

SEMATECH, ..

echnology Roadmap for Semicond.

\ o
¢ i ’ @ °

SEMATECH: migdzynarodowe konsorcjum producentéw
potprzewodnikéw — okresla cele, optaca badania nad
rozwigzaniem probleméw dotyczacych ,wszystkich”, w jego
sktad wchodzg: AMD, Agere Systems, Hewlett-Packard,
Hynix, Infineon Technologies, IBM, Intel, Motorola, Philips,
STMicroelectronics, Texas Instruments

Stara sig zdefiniowa¢ “wyzwania technologiczne”, okresli¢ dalsze
cele i przewidzie¢ ich specyfikacje, koszt, wydajnos¢, czas
wdrozenia itp.

Tranzystor

ol ik

Elementy pamigci

Zrodio: Intel, Sematech

Granice miniaturyzac;ji?

Myslimy, ze tranzystor
jest zbudowany tak.

25 nm MOSFET
Produkcja od 2008

4,2 nm MOSFET
Produkcja ???

IEEE Trans Electron Dev 50(9), 1837 (2003)

PROBLEM: Statystyka domieszek

Voyles, P. M. et al. Nature 416, 826-829 (2002)

1022 atoméw Si

10%" domieszek

Rozmiar tranzystora 50 nm
Srednia ilo$¢ domieszek 12.5

Sb-doped Si

Undoped Si

State-of-the-art TEM image of ultrathinned (5 nm) sample.

PROBLEM: Statystyka domieszek

Voyles, P. M. et al. Nature 416, 826-829 (2002)

1022 atoméw Si

10%7 domieszek

Rozmiar tranzystora 50 nm
Srednia ilo$¢ domieszek 12.5

State-of-the-art TEM image of ultrathinned (5 nm) sample.
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PROBLEM: Tunelowanie PROBLEM: Tunelowanie

PROBLEM: Chtodzenie PROBLEM: Chtodzenie

Gestos¢ mocy ro$nie dramatycznie.

Z roku na rok uktady wymagajg wigkszej mocy do wykonywania operacji logicznych.

107 tranzystoréw
pracujacych z czestoscig
1.5 GHz zuzywa 130 W.
Zaktadajgc, ze na tej
samej powierzchni za jaki$
czas bedzie pracowa¢ 108
tranzystoréw z czestoscig
10 GHz otrzymamy
gesto$¢ mocy na poziomie
10 kW/cm? (poréwnywalng
gesto$¢ mocy ma silnik
rakietowy!)

Fil

1971 1974 1978 1985 1992 2000
Year

SOURCE: INTEL

CPU - Computer Power User Magazine

PROBLEM: Podtoza PROBLEM: Litografia

Krzem 2003, Feature size Lithography
wafer 30 mm: Wavelength
Wymagane jest nie wigcej niz 120 czastek <100 nm na wafer
Doktadnos¢ polerowania 130 nm 193nm 167nm

Krzem 2007,
wafer 30 mm:

[ Wymagane jest nie wigcej niz 77 czastek <100 nm na wafer (jak to zmierzy¢?)

Mask Maker’s Mask Maker’s Burden
Holiday “low” Kk,

Doktadnos$¢ polerowania 65 nm “large” k,

13nm (EUVL)
'89 '91 '93 '95 '97 '99 '01 '03 '05 '07 '09 11
Date of Mask Readiness

Krzem 2016,
° wafer 450 mm:

[ Wymagane jest nie wigcej niz 77 czastek <100 nm na wafer (jak to zmierzy¢?)
® Doktadnos$¢ polerowania 22 nm (jak to zmierzy¢?)
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- PROBLEM: Litografia PROBLEM: itd...

Diugos¢ fali $wiatta 248 nm .
Kanat FET 90 nm: Itd e
Wymagane jest nie wigcej niz 2000/m2 <100 nm
Fluktuacje granic rezystu 7 nm

Litografia 2007, |td
Dtugosé¢ fali $wiatta 193 nm (?) 153 nm (?) X-ray (?)

Kanat FET 35 nm:
® Wymagane jest nie wigcej niz 1500/m2 <100 nm Eéﬁxi?gxﬂgﬁ?;’;;gﬁc(ﬁfgsﬁiki
®  Fluktuacje granic rezystu 3 nm polimer6w sa zbyt duze!) It d
Litografia 2016,
@ Diugosc fali wiatta X-ray (?)
® KanatFET 9 nm:
® Wymagane jest nie wiecej niz 500/m2 <100 nm
°

Fluktuacje granic rezystu 1 nm

NOWE TECH NOI—OG I E Jacek.Szczytko@fuw.edu.pl

Dialog z przyrodg musi by¢ prowadzony w jezyku matematyki, w

« Przeprojektowanie CMOS (np. wertykalne, FIN, MOSFET z podwojng bramka) przeciwnym razie przyroda nie odpowiada na nasze pytania.

« Urzadzenia alternatywne (np. na pojedynczych elektronach) Michat Heller

« Urzadzenia hybrydowe (np. FET z nanorurek)

« Nowe architektury (np. samonaprawiajace sie, defect-tolerance, automaty Koniec technologii krzemowej? Prawo Moora i jego konsekwencje (czyli o postepie

. technologicznym);

komérkowe) Nanotechnologia I (czyli nano jest trendy)

Zupetnie nowe architektury (np. komputery molekularne, komputery kwantowe) Kwanty, stany, pasma (czyli mechanika kwantowa dla poczatkujacych);

Nanotechnologia II, III, IV (studnie, druty, kropki; nanorurki i nanomaszyny);

Spintronika stosowana; Dlaczego elektrony kreca? (czyli o spinie);

ﬁwantﬁ)wa kryptografia i teleportacja I i II (czyli o splataniu kwantowym oraz kodach i
uczach);

Komputery kwantowe I i II (czyli o przysztych informatykach oraz o przysztych komputerach)

Badania i postep (czyli o finansowaniu badan);

W smutnym kolorze blue (czyli o niebieskim laserze i biatych diodach);

Optoelektronlka (czyll 0 manipulowaniu $wiattem);

), jnie i , czyli ie w optyce;
Czy moze mysleé? P j prac 6
Uwaga: Wyklad moze by¢ zaliczony odzin  pozakierunkowych:  przedmioty
ogolnouniwersyteckie Wydziatu Fizyki kod: 1100-| NT O%

Top-down, czyli mate jest piekne!

Nanotechnologia
Litografia
Udoskonalenia
Galeria

Fizyka na Hozej

Prescot, Intel

Vincent Laforet/The New York Times
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Metoda Czochralskiego

Prof.Jan Czochral

Urodzony w 1885 roku jako 6smy syn ubogiego stolarza.

Nie jest pewne czy zdat mature.

Nie sta¢ go byto na optacenie studiéw.

Odkrywca metody wzrostu kry: 6w - "metody C: iego”.
Uznawany za "praojca elektroniki"

Polski uczony najcz gsciej wymieniany w literaturze ~ $wiatowej .
W Polsce prawie nieznany...

http:/iwww.ptwk.org.pl/pol/patron.html

STANOWISKO SENACKIEJ KOMISJI HISTORII | TRADYCJI
SZKOLY PW W SPRAWIE UCHWALY SENATU Z DNIA 19
GRUDNIA 1945 R. DOTYCZACEJ PROF. DR. H.C. JANA
CZOCHRALSKIEGO

Jak wynika z zeznan $wiadkéw, w tym mgr. inz. Ludwika Szenderowskiego, b.
kierownika warsztatu i odlewni w Zaktadzie Badan Materialow, a jednoczesnie cztonka ruchu
oporu, w . 1942 na terenie ZBM rozpoczeba swg po'ajemnq dzlalalnosc komorka organlzacyjna
AK w zakresie produkcji odlewow z skorup do drukarn pole
i czesci do pistoletéw. Prof. Czochralski wiedziat o tym i nie tylko tolerowat, ale i ochramal
dziatalnos¢ konspiracyjng w swym zaktadzie wobec wiadz niemieckich i gestapo.

Na korzys¢ prof. Czochralsklego nalezy réwmez zaliczy¢ Jego dma’alnoso poza ZBM.
Wykorzystujgc swe rozlegte wiadz
okupacyjnych w celu uwolnienia rOZnych 0s6b z obozéw nlemlecklch wiezien i obozéw

Wsréd oséb mozna znalezé m.in. nazwisko dr. Mariana
Swiderka, poznlejszego profesora F'W wnuka Ludwika Solsklego
jest tu P prof. dr Zofii
Wendorff, ze "nie zna ona przypadku, aby prof Czochralskl odmf)w» pomocy Polakom, ktérzy
sig do niego zwrdcili".

Metoda Cz(

http://www.ptwk.org.pl/pol/patron.html

Uzasadnienie Sadu i decyzja o zwolnieniu z |
zarzutéw, £6dz , dnia 13.sierpnia 1945r

wan®

Odnoto

JFsa,dnta 13 sterpnia 1945 r.

harvard,

Metoda Czochralskiego

~
Seed
Single Silicon Crystal
Quartz Crucible
Water Cooled Chamber
Heat Shield
Carbon Hester
Graphite Crucible
Crucible Support
Spill Tray

Electrade

=l or

hitp:/hamw. sehmy.com/Product/abtWaters.htm

http://wanw. sehmy.com/Product/abtWaers. htm

© "Smithsonian”, Jan 2000, Vol 30, No. 10

http:/lwww.tf, uni-kiel.de/matwis/amat/elmat_en/kap_6/backbone/ré_1_2 html
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Czego/kogo brakuje w Polsce

Metoda Czochralskiego
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SILICON WAFERS

as cut, lapped, etched, polished

Introduction
| Research
Departments
Products |
| Services |

Gooperation

Library

Contact |

TERTRIAIL

Zakohcono

50 Nm Leare 30 nm Lgare 20 nm Leare 150m L

Intel R&D groups exploring aggressive scaling
of conventional planar CMOS transistors

Zrtdio: ntel

Gdzie jest limit

3 SAMSUNG's | World - Press Release - Mozilla Firefox

Pl Edycja Widok Preid ZaMadk Narzedzis  Pomoc

@-p-& O [0 rees m/PressC 0000152003

IW PRODUCTS SUPPORT FEATURES PRESS CENTER ABOUT SAMSUNG __SE‘Echumyy’REg|Dnv
PRESS CENTER PRovuCT REGISTRATION. f cownury woan csencn || @)

Horme = Press Center > Press Release

Press Release
Photo Archive [

(12, Sep, 2005 /SEC)

Executive Bios

PR Contacts SAMSUNG Electronics Develops First 16-Gigabit NAND Memory Using
50-nm Technology for Sharp Jump in Mobile Storage Capacity

Seoul, Korea, Sept emi , 2005 — Sameun Electronice Co. , Ltd. , the world lesder in sdvanced memary technology,
announced that i has developed the world's fighest density NAND flash — & 16Gigabit (50) NAND memory device. HARD s
the mast widely used memory for muti-feature mobie applications

W jaki spos6b produkowane s g uktady scalone?

P . Resist
Dominuje technologia . T
Conducting Insulating
krzemowa 1 “~—— layers
o
a

Obecne uktady
~ 109 - 10%° tranzystorow

Al metal
acting as etch ma¥

osure to e-beam
and development

Evaporation of
30nm of Al
b)

Removal of

Podto za - 300mm,
~ 103 chipéw
c)

Fotolitografia, na $wietlanie,

trawienie etc Al metal excess metal
removal with lift off
Typowo ~20 masek, 150 - 200 ¥
krokéw proceséw .
P 9 Rig \
etch
) )

Nanotechnologia

Maszyna do technologii Step-and-RepeatAligner (Stepper)

Auto alignment system
Reticle stage

f
Reticle library | llluminator

‘\‘i ! E {Hg lamp 365nm)

i

~ 5:1 Reduction lens
NA = .45 - .63

Reticle handler —

Wafer handler

Anti-vibration
system

Wafer stage
Auto focus system

Zrédio: v usna edu/EE/eed5?LectureNotes/ 05-Processing_Technolog,




2010-03-25

Litografia

Maszyna do technologii Step-and-Repeat Aligner (Stepper)

UV light

Reticlefield size

20 mm x 15mm,
4 die per field

5:1reduction lens

Image exposure on wafer
1/5of reticlefield

4mm x 3mm,

4 die per exposure

Serpentine
stepping pattern

Gl v du/EEJeeds2/LectureNotes/ 05-Processing Technolog

Nanotechnologia

Maszyna do technologii Slep—and—les\PﬁglaﬁtAsllo%péeer (Stepper)

Alignment laser

| ; /,’ Reticle (may contain one or
f more diein thereticlefield)
/
/
/

Shutter isclosed during focus
and alignment and removed
during wafer exposure

Projection lens (reduces the size of
reticlefield for presentation to the
wafer surface)
Single field exposure, includes:
focus, align, expose, step, and
repeat process
Wafer stage controls
position of wafer in

&
X,Y,Z,0

Nanotechnologia

Maszyna do technologii Step-and-Repeat Aligner (Stepper)

Unexposed resist remains Resist exposed to light
crosslinked and PAGs are dissolves in the

inactive. developer chemical.

Oxide

Substrate, 1 | | | |

\
Acid-catalyzed \
reaction (during —Unchanged
Pre-exposure PEB) Post-exposure Post-develop

+ CA photoresist + CA photoresist + CA photoresist

Gl v du/EEJeeds2/LectureNotes/ 05-Processing Technolog

Nanotechnologia

1) STl etch 2) P-well implant 3) N-well implant

5) N* S/D implant 6) P*S/D implant 7) Oxide contact etch 8) Metal etch

® ®

@
Resulting .
layers @~

o [MEEE
®

@ Cross section

@
Top view o

du/EEJeeds2/LectureNotes/ 05-Processing Technolog

Nanotechnologia

1997
2006

o v du/EEJeeds2/LectureNotes/ 05-Processing Technolog

processors (bottom) dio: wn

d 35 nm ‘

Si Substrate

2006

Intel strained silicon (top) and & 65-nm wafer of Intel® Core™ Duo

du/EEJeeds2/LectureNotes/ 05-Processing Technolog




2010-03-25

Nanotechnologla

Film

Scaling Geis Tougher at Smaller Dimensions

Enabl

micron 0.1 300m 193nm
NiSi, Strain, Low-k 65 Phase Shift

Highk EUV
Tri-Gate

1
1980 1990 2000 2010 2020

Intel continues to develop and implement new
materials and structures to meet the challenge

hitp:/Awww.microscopyu.com/

Litografia

Zdolno$¢ rozdzielcza (kryterium Rayleigha)
W — najmniejszy rozmiar dostepny w litografi, mikroskopii etc.

Figure 2 NA = (n)sin(y)
(@) u=7" NA=012
(b) = 20°NA=0.34
HJ (c) w = 60°NA=087 W
L) “ﬁj
Numerical Aperture and Airy Disc Size

TP |
1] =

(@ () (©

NA = nsina = d/(2f)

(@)

Figure 4

Nanotechnologia

Maszyna do technologii Step-and-Repeat Aligner (Stepper)

Laser
plasma

Reticle Stage g
. source

Projection
Optics Box

4x reduction
—Illuminator

Wafer Stage

- S J
: - w—4a
o EuvLLe

Ziédio: ntel

Iotensity

Nanotechnologia

Maszyna do technologii Step-and-RepeatAligner (Stepper)

Intel’s Mlcro Exposure Tool (MET)

Ziédio: ntel

Nanotechnologia

MICROPROCESSOR REPORT

© MICRODESIGN RESOURCES JUNE 19, 2000

Mask-Stage Mask
Chamber

Camera
Chamber

pect:
Surity Fiter

llluminator
Enclosure

| Wafer-Stage Chamber

Figure 2. This engineering prototype of the engineering test stand
1,700W pulsed YAG solid-state laser iluminatzs a supersonic et of  (ETS) iluminator shows the LPP light source and the C1 condenser
xenon gas. The EUV light Is collectsd and focused on'a 4x reflecuve ~ 2ssembly (top centen). Small trapezoidally shaped doors protect the
mask by a series of condenser mirrors (C1-C4). The mask image s Six C1-mirror petals when the ETS s not In operation. The entire con-
projectad onto the wafar by a 4 reduction camera (VI-Md) while denser weldment, which also holds C2 and C3, is solated from ts
the mask and wafer are simultaneously <canneq. The entire operation ~environmental chamber to eliminate motion and vibration from the
takes place in high-vacuum environmental enclosures. Vacyum; pumps? (Ehoto; courtesyof Sandia.National Lab)

Figure 1. LUV light is generated from a 45eV plasma created when a
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Nanotechnologia

Photo by Ketth Diefendorff

Figure 7. This photograph shows a polished and coated M4 mirror
from the ETS camera. For people who apprediate ultrahigh precision,
the mirmor s a thing of beauty.

f. (Source: |awrence Livermore Lah)

Intel, 2003

Litografia
Produkcja

Nanotechnologia

Feature size

Lithography
Wavelength

Mask Maker’s
Holiday
“large” k,
13nm (EUVI
10
'89 '91 '93 '95 '97 '99 '01 ' 09 "1

Date of Mask Readiness

90nm 65nm 45nm 32nm
2003 2005 2007 2009

http://www.microscopy.fsu.edu/

Litografia Imersyjna

Zdolno$¢ rozdzielcza (kryterium Rayleigha)
W — najmniejszy rozmiar dostepny w litografi, mikroskopii etc.

Figure 2 NA = ()sin(u)
(@) p=7" NA=0.12
L 8
(c) p = 60°NA=0.87

W =
@ NA

Numerical Aperture and Airy Disc Size

o
)

&
by

(©

lntensity. Figured

Nanotechnologia

Natezenie
=

Polozenie

Nanotechnologia

“small” lens “medium” lens “large” lens

What we ask for

4——————— What we get ——————»

OPC - Optical Proximity Corrections
Example of OPC

Mask Making Tutorial

peration

Want this Ask for this Get this
Intel On the mask On the wafer

Barry Lieberman, Ph.D.
Engineering Manager

(o]
~
7]
«
=
°
&
=

Drawn structure  Add OPC features  Mask structure

m "

Drawn structure Add phase regions Mask structure

Nanotechnologia

Printed on wafer

Phase shift masks enable patterning 35 nm lines

Printed on wafer
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Nanotechnologia

OPC - Optical Proximity Corrections

RET “embellishments” must be Image on the
fully resolved an the mask wafer

NOT OUT of
FOCUS!

Nanotechnologia

OPC - Optical Proximity Corrections

e L L L L

Nanotechnologia

Some Mask-Making Metrics and Comparisons
*Pixels:

On a 90 nm technology node mask: 1,000,000,000,000
—In a high quality digital photo: 4,000,000
Defects:
Size that must be found and repaired 0.1 micron
—Number of such defects allowed: 0

—Size ratio: defect to the mask area: size of a basketball
area of Califor
*Data

—Typical number of mask layers for 90 nm
generation logic product: 22—25
—Total file size needed to specify all these layers: 200 GB
Time to transmit (design site to mask shop)
using T1 line (1.4 MB/sec): ~1.5 days
—Time using T3 line (40 MB/sec): ~1.5 hours
st
Cost to lease a T3 line: $70K/month
—Capital cost to build a 90 nm node capable mask
shop (capacity of 200 sets/year @50-70% yield): $200-250M
—Yearly cost to operate such a shop: $60-100M
. —Cost to make a 90 nm node mask set
|nte| (depreciation, labor, etc): ~$800K-1.3M

Litografia Imersyjna

ILLUSTRATIOR BY NICK ROTONDO

Litografia Imersyjna

Zdolno$¢ rozdzielcza (kryterium Rayleigha)
W — najmniejszy rozmiar dostepny w litografi, mikroskopii etc.

l ' Airy disks

e it s Ravlgh curicn . by 1 compl fcor of sl il i e -

b NA = nsina = d/(2f)
— kl}\‘
NA —
W= 0.25 x 193 _ $2m ///
0.93
ki 025x 193 —r—

W= Figure 3. Numerical aperture.

- = = 35nm
nsina

Litografia Imersyjna

Mwovu/V/ s -
Polarizing —, | *‘* " Servo motor
beam splitter \\ J 7 driven wafer stage
V.
v 4 ;‘@
s R oo g
— i o
HeNe laser_/ q I o
# 7 \
sensor* 2 \
\
__Folarzing  \—— Wafer

{
I
i

HeNe laser beam spitter
Water X
(Courtesy: NiKoN) senser

Flgure 4. Stepping exposure system stage control

Nozzle—> —Lens Semvomtor
driven wafer stage

Waer

puddle —_

’.
.\

http: /. smalltimes.com/articles/stm_print_screen.cfm?ARTICLE _D=260007

L water

Figure 5. Immersion lithography. Stage control omitted for clarity.

10
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Litografia Imersyjna

Schematic showing faftors of concem at resistiovercoat/fluid interfaces

ihm

http:/www.microelectronics.belwwwinter/mediacenter/en/SR2005/htmi/142296.htmi

Litografia Imersyjna

3 Beyond3D - TSHC: 45mm ready in September - Mozilla Firefox
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TSMC: 45nm ready in September

© 8D Roxes Image Qualty  Tuesday 100 April 2007, 07145110 AN, writen by Arun

Analysis w/ A
e e Rad-nn Ho
2600 X7 - Early pes!

TSME has announced that their low-power s process wil be

s i s entering producton in September, wih genersl purpase and igh

Galaxy GeForce 8500 GE
AMD RVS10 and RV630D perf
Intraduction Teadtionaly, handhed chipets wil bethe frst use & new

rocess 2 they have much fower yied requrements. FRGAs, o5
e ther ihy Syt naturs and thi redndancy

sance variants following sooner rather than lator.

Bungie Stusios to gain
independence node. Desktop and laptop GeUs, on the other and, tend to lag
Kew PS3 model to hit Europe.  befind by 16 to 26 months.

for 399 ELR

© Enemy Terttory Quake Wers For example, TSMC 65nm production started on the low-powsr

mechanisms, are also among the first adopters of a given process

Processor  Games Development

« Linear aigebra

Zakofcion

Litografia Imersyjna
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Polymerize, elease
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)

Softlithography components. s) Diagram of process: A prepolymer (2) covering the master (1) s cured by heat or light, and demolded to form a
elastomeric stamp (3). The stamp i inked by immersion (4) or contacted with an ink pad (5), and prined oo the substrate (6), forming a sel
assembled monolayer (SAM). The ink 7) i then transferred into the substrate by a selective etch (8). (b) Scanning eleciron microscopy
(SEM) micrographs of the master, e} image ofth stamp, and (d) SEM micrograph ofa printd and ctched patten

5

Stempelki

Hard backplane ‘

Soft cushion

Stiff pattem
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Inne udoskonalenia

Memrystor
The missing memristor found naure

Dmitri B. Strukov', Gregory S. Snider', Duncan R. Stewart’ & R. Stanley Williams'

Vol 453(1 May 2008|do0i:10.1038/nature06932

"A memristor is essentially a resistor with memory,"
explains Stan Wiliams of HP Labs in Palo Alto,
California, who reports the memristor's creation in this
week's Nature. "The actual resistance of the memristor
changes depending on the amount of voltage and the
time for which that voltage has been applied to the
device."

Udoskonalenia
Physics of Semiconductors and their Heterostructures. Jasprit Singh
Strained Silicon

(2)

Figure 7.6: Pseudomorphic strain produced by epitaxy of an overlayer with a bulk
Jattice constant larger (a), or smaller (b) than the substrate. The overlayer must match
the in-plane lattice constant of the substrate.

Normal °0
electron

flow 00000000

Normal Silicon Lattice

Strained Silicon Lattice

Udoskonalenia

Strained-Si NMOS Control Si Epi NMOS

Lg=500nm
Tox=4nm
I Channel
Onm Strained-Si Epi Si
I ISi, Ge, Control 3.0 um
x=0-0.15, 1.5um Unstrained-S1 Bulk Si (P4)
Epi Si
2.7um
Doping Levels before processing:
Bulk Si (P+) B_ulk (Suhsl@te) poping AelX(B)
Epi Layers (Si & SiGe) Doping ~2el5

Fig. 1. Strained-Si and control Si nMOS structures.

Improved Hot-Electron Reliability in Strained-Si nMOS
David Onsongo, IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 51, NO. 12, DECEMBER 2004 2193

Udoskonalenia
High-k dielectric material

*Pojemnosé: C=Sk/d
eStosowane by zminimalizowac prad tunelowy

oraz dyfuzje boru z bramki

* Rodzaje:
1) 4 <k <10; SiN,

High-k Gate Dielectric

=
/A;
u HIO, .

2) 10 < k < 100; Ta,0s, Al,03, TiO, Em w .2,02 Te:0
3) 100 < k g"“ Better

High-k
capacitanc

Udoskonalenia
High-k dielectric material

90nm process Experimental high-k
Capacitance 1X 1.6X

Leakage 1X <0.01X

Source: et
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Udoskonalenia
Low-k dielectric material

Continued Progress on |lllEI‘I}0IIIIGGEé'

0.5 um Interconnects

Carbon Doped Oxide
Redukcja pojemnosci o0 25%

90 nm Interconnects

Carbon

Oxide

3 Layers 7 Layers

Five Generations of Interconnect Progress

Udoskonalenia

Interconnect Architecture — Cu/Low k ILD/ES

/
\L"\Zo\/

-

o e
’\/ o o

Carbon (H)
Incorporation,

= 8 layers advanced Cu metallization
= 2nd generation CDO (Carbon Doped Oxide) low k ILD and
etch stop layers for power reduction and RC improvement
Intel

£y

Planar \ /F‘"

Gate-all-around

Figure 1. Double-gate to mulfigate CMOS structures [3]
;= gote ield directon; | = channel current directon.

Figure 15: schematic of tri-gate devices showing multiple legs

ftp://download.intel.comtechnologylsilicon/Chau%20DRC%20062303. pdf
Zrsdio: ntel

Tranzystory

Top Gate

- - .
Side Gate /
o/

-

S—
—
Figure 1. Photo of a 30-nm tri-gate transistor
’V v
Figure 2. This simulation of a cross-section of silicon channel
shows much mare current flow (indicated by red)in a

tri-gate transistor than in a planar transistor. Current
into/out of the paper fip:/idownload.intel.comtechnology/silicon/Chau%20DRCY620062303.pdf _ Zrédio: ntel

Epi Raised S/D

Figure 15 schematic of tri-gate devices showing multiple legs

CMOS logic is holding on

Buried

Region
Gate:
Spacers:
RSD:
Channel:
Box:

RSD stands for “Raised Source Drain”

Extreme Scaling with Ultra-thin Silicon Channel MOSFETs
leong et al. (IBM) IEDM 2002

Material
Polysilicon
Dielectric
Silicon
Silicon
Oxide

Box stands for “Buried Oxide”

David Williams Hitachi-Cambridge

Source: IBM

Gdzie jest limit
Scaling problems

Oxide Thickness 2.3nm
Junction Depth 30 nm Resistance (Repe)
Channel Doping V=025V | Leakage (lorr)
SDE Under Diffusion | 15 nm
Channel Length 0.06pum
Gate Length 0.10um

Leakage (loame)

Resistance (Ryw)

Leakage (o)

Leakage (lorr)

2003

SDE Source-Drain Extensions

13
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The ITRS Roadmap

Table 350 o Nearsem
e e e e e
iz L . |
T T o |
s e o e |
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=7 et e T
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I
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g 1000m i arer | ome | aoss | oo | aouz
2 T ok
H k e oka
= Cre
El
H 2001 roadmap
g
e
“No known solution”
as early as 2005
10nm
1995 1998 2001 2004 2007 2010 2013 2016
“Year of Prockuction

David Williams Hitachi-Cambridge

Granice miniaturyzac;ji?

Myslimy, ze tranzystor
jest zbudowany tak.

25 nm MOSFET
Produkcja od 2008

Asen Asenov, Glasgow
David Wiliams Hitachi-Cambridge

4,2 nm MOSFET
Produkcja ???

IEEE Trans Electron Dev 50(9), 1837 (2003)

Tranzystory

«About the figure:
*Figure taken from the Website of Leo Kouwenhoven
from the Delft group , Delft, The Netherlands.
+Single-Electronics links

«Stony Brook/Likharev's group

«Links via Stony Brook

~Delft
*NanoLinks

Programable logic

Tranzystory

Gate 1 TN

/

" Drain.

An in-plane gate (IPG) transistor made by
scratching a semiconductor surface with the
probe of a atomic force microscope (AFM). The
scratches subtly influence the behavior of a
layer of electrons trapped at a buried interface
underneath the surface. The gap between the
transistor's source and drain is one micron.

An AFM picture of a single-electron transistor

(SET) made in the same way as the IPG transistor.
The red region, the island where only single
electrons may be admitted, measures 100 x 200

nm. reported by: Schumacher et al., in the 23 August
Applied Physics Letters

Galeria

) Molecular Expressions: The Silicon Zoo - Mozilla Firefox

i Zakladk Narzedda Pomo

Bik Edycia Widok Pree

o - B - B () ) [B remtfwmiroscopy fau ederesturesfinde e

MECETON

MOLECULAR EXPRESSIO!

i - $iLIcON
(1 Zoo,

[ )
RCALLERY g
fevoa,

‘MICROSCORY.

i)
b e
hosey

AP Rozpocenii praygede..., () Aktualnosel 9 Stownik Ang. 8 Stownik Fra. [ Langue francaise le.

[ cw: wiadomedei

Galeria

Runaway Train

We an intothis miiature locooive at a raikoad crossing on an
Alerg: ndakone ASIC_ that s fabicated in
1994 Bob Weppler, designer of the rin, has irformed us that

advanced counterparts. Bob says that the locomotive was.
fabricated in o meal and one polysitcon ayers during the
ehips manufacturing process

"The Little Engine That Could"

y stored n the chevron-shape tracks. and control
signals create electrical ekl that "bump" the charge along flom
Segment o segment.

14



2010-03-25

camowoms Galeria Galeria

We've Got Roaches

“The term "computer bugs” arose eariier in the century when insects. Fine Print
the cause of mallnciions i the relays used in
very early computers. In some cases, the bugs oud induce a short-
in the mecharical
Pave 1 be removed manually. AS progress woud have i we must
the o

'
@ roach that we captured scurying actoss the surface of a Hewett-
Packard CPU support chip. So ar, i i the ony sicon bug we have
found, but we're keeping our eyes pecled.

‘The photograph below contains a page from the 1945 logbook of the
Mark | computer at Harvard Universiy, o of the first computers ever
buit, Engineer Grace Muray Hopper and her associates were testing
the Mark | one day when the machine suddenly stopped. Upon
inspection, they found a fied moth that had become wedged into one.
ofthe relays, causing a short circut and haling the computer. Hopper
taped the bug into her logbook (sirated below), and we have been
relerring to computer gliches as bugs” ever since.

Thisis an Most
butthis s the first one we silicon chip. Our
text, but the phrases "No purchase necessary’, "Keep away from fire”, and “not

for resale" are clearly

d sports 25 lines of text, high.
“Aspen”

probably
oscilloscopes in the late 1980s and early 1990s.

is the signature of Reo Gargovich, the lead designer on
hischip

M#FLECULARE:

M#LECULAR EXPRESSIONS: Explori u.edu/creatures/inde;

Galeria Galeria

This Bird's For You

We stumbled across this 5 micron-high
phrase while examining the surface of a
Hewlett-Packard Pit Viper_memory controller
chip. As the saying goes: If you can read
this....you are too damn close! When we saw
it, we backed off a itle bt, took the
photograph, then split (we don't have to be
warned twice).

Too Damn Close!

Don't Panic - when uncertain about your whereabouts n the
Universe o the strange customs of new aliens that might cross

il

tothe Galaxy”, where you wil find that the number 42 is the

answer 1o the question about fe and the universe. Or so says a
‘Deep Thought".

i is 2 very high magnification view of what appears o be a hummingbird etched int th sifcon on a
Hewlott-Packard PARISC 7000-series microprocessor waler. The inscription above the bird reads: "This
Bir's For Your, but we don' thnk that s for us. We thnk that s for you

the phenomenonis incomplete.
‘These science fiction symbols were discovered on a node
s an interface e 10
linkand a microprocessor-based product, developed by Allen-
Bradley/Rockwell in 1988. Chip designer Bob Weppler tels us.
thatthese icons from the famous Douglas Adams sci-i novel
‘were included on the chip along with the cricket wicket_and a
‘Spem whale_that slammed ino the planet Magrathea.

M#LECULAR EXPRESSIONS: Expl Jlwww.microscopy.fsu.edu/creatures/index.html

M#LECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy .fsu.edu/creatures/index.html

G a.l e ri a. The Buffalo Chip

Thor: God of Thunder

T magnificent rendiion of Thor, thunder, craptics support chip. According
olegend, Thor Jord and lter married akhough he kept & mistress named Jamsaxa
(the fon cutlss". It was also widely believed that during a thunderstorm, Thor could be found saiing trough the heavens on is
qoat-poviered charior, and that lightning flashed whenever he threw hs hammer (named Mol

1.1 square millmeters in size, s Siicon artwork s not ol th finestwe have seen t0 date, it s also one o the largest and
recquired our owest pows the entire image. " Rick Butler loaned us
this chp, along with the marathon_ chip that contains a temvs shoo. Rick was aiso instrumental in providing us with information about
the “sunken via® method I on buiding a siicon Y Yana. an
other general discussions about silcon artwork.
Hewltt-Packard chip designer Dartn Miler originally decided to ncorporate the Thor renditon on tis chip. He asked graphics i desaneam e bl v s ot f
designer April Comer to draw the Viking an she produced four ideas about how the god coud appear. Darrin picked one and turned ebr o, e Unherty of oo
itito a contact "bitmay? for piacement on the final masks, yielding the image preserted above. I is somewhat fonc tha both Dartin
and April are graduates ofthe University of Forda, our i state football vals,

M#FLECULARE:

fsu.edu/creatures/index.html

M#LECULAR EXPRESSIONS: E; 1g the World of Optics and Microscopy ) /i fsu.edu/creatures/index.html
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Galeria

One of America’

Germany by Siemens. The bunny rabbit head

the i
the very ist). Hugh Hefner, creator Fotthe cuncept isquoted

theidea of T dit

f issue (wi

dplayful.1 put him in a tuxedo to add

New Yorker'and " Esquire’ use men astheir

symbols, I felt the san formaleveni g attire struck me as charming,
amusing, and right.”

by . Deckart, whois one of our featured microscopists. Toview
more of Karl's work, visit his Mikro/Makro_website, of his

M#LECULAR EXPRESSION: s and M

roscopy

microscope.

su.edu/creatures/index.htm|

Galeria

The Cheetah

ncagtens et clasa g s e st ot it Pl ey ot g i Tt ues
designed in P
compurs Cperig crgnee Wy st oumw e e e o e cove o i e 1985 EE Comter

1 asked his wife, Morica (a graphics arst), 0 redraw the image for placement o the chip. The redraun cheelah was.
liaed by Dick viach,one of i op sk desgnrS. and ncorpraled o th mack.an Subsed.enty oo Sl

M#FLECULARE:

The Chip Smurf

aught puling arou
function (the M879.43). Like other Smufs, ths igurine was orginally created by Bel

inttoduced ino the United States in the aie 19705. In the eary 19805, the Smurf culre expiod

an carons s it (o0 nown s Py
National

). ar
Soaicasig Compary (80)

e a oo st eton e oy ceatios. S Ypca v e, e e ek, e e aps W T 0y e

i adiion e s oy

o e v 1000 s smater o -5

“The photoricrograph was donated to the Siicon Zoo by German photographer KarlE. Deckart who s one of ur featured microscopists. To view

more of Karts work,vsit is i

M#LECULAR EXPRESSION: s and M

roscopy

Makio_ website, which conains & sampler of his ransritied and reflected igh images captured with a

su.edu/creatures/index.htm|

NMO: 1980 for Caterpillar by Syn

for use in their heavy in

of Caterpillar

the chipfor additional transistors. The chip was loaned to us by ChuckA. Morila ‘Semicondustor Gomponent
Engineer Caterpillar. Now, ain't
this slick?

M#FLECULARE:

dul/creatures/inde;

Galeria

The Con Artist

PA-RISC 7100LC

chip notfar is for
you). The guy with 1g.a number of items,
(probably) "hot"
his coat, we. expects us . Although
rom while
, he is one of our most It
that [
from HP Robson, and Bob
Miller Early HP
floating-point dthe Hi Texas Instruments
chipth: Inlate
floating-pointuritonto he CPU die. The A 7100 m\cvopmcessov contains the "Rolex"
Timex copr
100LC (Low Cost)
o rray was Lorex.apun on thelowend

VL
PA 7100LC wilha mocifed Rolex crown s missing a point (it only has mur) to symbohze
k-offs, "Lorexes"

Gabﬂa

Daffy Duck

The Road Ruer Show, a 30-minte cartoon series.

Hewiett Packard 64-bit combinatorial mulipier inegrated
cicut The major design credi i Gven to Dan Zuras, whose.
name appears just below the Road Runne.

The Road Runner

2o seo i he engneers tt desiged s
retane versionof Dty Duck st e o

Veryimeresing sons of o, We found

ey embedced vitn e ety of a RIS

nother is
chip. The vast majority of ireframe silicon
muchlike a
The
have for
where hole is producedin asa
the chip. This is Yin Yang
an

integrated circuit.

< and Microscopy

ity oo ofWaldo. oty 1+ a0 50
microns in size, making it necessary to use a
high-povier (40X 1o 60X) microscope objective to
Photograph the wireframe characier

16
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Galeria

From the Scott Adams cartoon stip, we present
his photomicrograph ofcyber-engincer Dibert.
caught hding from his omripresent boss within

find a potato that resembes himself,is one of
our avorite cartoon characiers.

O of today's most popular cartoon stips is
Dibert, writen by Scott Adams and syndicated by

Stip, Dibert and Dogbert, on the two biggest and
fastestmicroprocessors in ou colection. This
sifcon version ofthe Dogbert character, as
ilusirated above, is about 140 microns in size

M#'LECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http:/www.microscopy.fsu.edu/creatures/index.html

Galeria

Where's Waldo?

i
(i

Justabout everyone we know has spent ime searching for Wakio n the comic stips (and we have tool) The
a wirefame renditon icing on
integrated cicuit,Discovering this version of Waldo be much more dificut than the one in the comics. When
Searching the Sunday comic stip, you have 1o screen several hundred faces (o find the eal Waldo hding, Usualy n a crowd,
behind a bling or i a corner. We caugh this sikcon version of Waldo (ha i about 30 microns i size) hiding among
caches, buses, and regsters e searching through many thousands of square microns of compex Gicuiry wih a high-
power Waldo i and tis o Search for more
creatures and consiructon of the Siicon Z0o gallery.

MFLECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy

/lwww.microscopy.fsu.edu/creatures/index.html

Galeria

Ancient Egyptian God Anubis

12000

we found a pair of

appearto be guarding mask alignment targets on the

chip. The photomicrograph above depicts one of the

figures who we thinkis a representation of Anubis, a

Jackal-headed Egyptian god who was in charge of
bal d

“This creature is about 100 microns high.

M#LECULAR EXPRESSIONS: Expl edu/creatures/inds

TEMI
“This chipis the first dl &
amplifier d usedin DECT applications. Similar devices made using gallium arsenide are
q ge.
“eat up the gall d
9 Toru d his associates. The name Pac-Man s derived from the
“Paku-paku ", “to eat". Originally, the “Puckman ", butit ‘Pac-Man" upon
United Stat he b in history, is pr
of lunch b lothing.
products.
Chipworks , acompar is an f )
and refat

M#FLECULARE:

Galeria

The Pepsi Generation

This incredite renditon of a Rolex wistaich was discovered
7

Pested witin the clock circuiy of a Howlet-Packard PA-7100
microprocessor, the chip code named Thunderbird that also.
contains The Bed is the Word_entry i the Sikcon Zoo. The Role
is another example of the ingerious Sunken Vi

consinucing doodies using a bilmap of via shafts developed by HP
i dosigners i Fort Collns, Colorado. This method of
consunucing scon creatures is based on the formaion of images

viashalt represents an indvidual piel. The Rolex is made wit
ver 5000 indvicual via shalts. Other entres i the gallery
consinuced in the same manner inchde:

. fal, and The Thunderbic_ Adctonal
Information abo the evoluon of siicon doodies wilin HP
found

the Q;n Antist_ gallery entry.
The Rolex

D0 you remember when a botl of Pepsi costa ickel? We cant

either, 5o we did a e research o ind out the approximate date of
the smalest

sicon rendiion featured above.-about 750 microns wide). Pepsi

videspread use of borted softdrinks. A few years laier, Caleb
radham began bolting Pepsi i a piant located in New Bern, North
Carolina. Afe the great depression, advertsing emphasis was.
shited o low cost and high product value. In 1934, Pepsi-Cola
became the fistsoft drink manufacturer 10 replace the popuar six
ounce botle with a 12 ounce botte for 1 This was widely
advertsed n signage of the period, as ilustrated with the authertic
reproduction done in sifcon above, We four ign on a Hewet
Pac itegrated circt, The artow,ificul (o read

‘and the botiom of the label eads: "Heathiul” (hank god the FDA
wasnit aroundl) and "Refreshing’

The Hewiett-Packard integrated circuit featuring ihis tny siicon
rendion of a Pepsi commercial was donated 10 us by HP chip
dosigner Craig Robson, who designed the artwork.

and Microscopy fsu.edu/creatures/index.html

Galeria

wen
T
R
e

We were natified about the existence of this eagle by John Deters,who loaned us a copy of the chip or igtal imaging through the microscope. The arwork
was placed on a very ealy version f a 1 Mb memory chip made by IBM i the mid-1980s. Because the integrated circuit used okkr 256 Kb techmoogy. it
was lrger and siower han later iowever, he chip: over existing 256 Kb chips of the period and
nabled 80 to compete more effectvely with Japanese 64 Kb chips that were sellng at 1/20th the cos. Featured on the chip i the image of a bad eagle
(designed by engineer Scolt Lewis), which overlaps into a cache region of the chip. Also pr e lftand side of the image, are the leters 1BM and
the designation "Eagle”. which s probably the code-name fo this random access memory integrated Grcut,

M#FLECULARE: fsu.edu/creaturesli

ESSIONS: Exploring the W
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Galeria

Jumping Canlne

Digital VAX
by designer Bob Supnik. silicon “grass” d he seems
tobe having a good time (probably happy that this chip design finally made it into silicon).

MFLECULAR EXPRESSIONS: ics and Microscopy su.edu/creatures/index.html

Galeria

Tux, the Linux Penguin

f Tux, the Linux pad ring
ofan integrated circuitof unknuwn iype amd unction, lfwe obiainorsnformeion shout he chip,

Llnus Torvalds, creator of the L fora
inuxlogo “centerpiece. b
measures about 130 microns in size.

M#LECULAR EXPRESSIONS: Exploring the World du/creatures/index.htm

Galeria

The Wedding Announcement

This unusual wedding announcement appears on the Silicon Graphics MIPS R10000
microprocessor. The inscription reads: Ellen & Yeuk-Hai, May 25, 1996 and we are told
that the announcement is for the wedding of a MIPS design engineer who supervlsed
the development of masks for this . The size of the

approximately 100 microns. We were given a copy of the original photograph (couvtesy
of Yeuk-Hai Shark Mok) from which the wedding announcement was derived, and this is
displayed below for comparison purposes.

MFLECULAR EXPRESSIONS: ics and Microscopy fsu.edu/creatures/index.html

French Silicon

d partnership
betueen Thomson and Mosiek when e discovered maps o France and he tateof Texas. The
n the chip. The tiny "bumps” on and surrounding

during manufacture ofthe chip.

M#LECULAR EXPRESSIONS:

ixploring the World of Optics and du/creatures/index.htm

Galeria

A Dog's Life (Darkfield)

aren

g and Opportiy rovers sentto probe the Redplanct Maybe
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Litografia 3D

Lasery ekscymerowe

Electron-microscope image of the world's smallest guitar, based roughly on the design for the Fender Stratocaster, a popular
electric guitar. Its length is 10 millionths of a meter-- approximately the size of a red blood cell and about 1/20th the width of a
single human hair. Its strings have a width of about 50 billionths of a meter (the size of approximately 100 atoms). Plucking the
tiny strings would produce a high-pitched sound at the inaudible frequency of approximately 10 megahertz. Made by Cornell
researchers with a single silicon crystal, this tiny guitar is a playful example of nanotechnology, in which scientists are building
machines and structures on the scale of billonths of a meter to perform useful technological functions and study processes at
the submicroscopic level.

(Image courtesy Dustin W. Carr and Harold G. Craighead, Cornell.)
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Litografia 3D

Photonic Crystals: Periodic Surprises in Electromagnetism Steven G. Johnson MIT

2hv =AE 2-photon probability ~ (light intensit§)
_ N-photon probability ~ (light intensity)

r\/\ﬂ’\_/-\photon
_~——phoon
hv -

" 3d Lithography \\

]
_
Va )
/ |
lens —— N
/

...dissolve unchanged stuff |
/ (or vice versa)

/ some chemistry—]| \
(polymerization)

Litografia 3D

[S. Kawataet al., Nature 412, 697 (2001) ]
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Czego/kogo brakuje w Polsce

Badania na Hozej

Dr Marta Gryglas
Focus lon Beam Dr Agata Drabinska
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JEM-9320 Focused lon Beam System

Norsam Technologies, Inc.
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Badania na Hozej
Photon Energy (K)
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Fig. 1. “Terahertz gap”
Fig. 17. Frequencies of plasma oscillations, ,. versus
‘wave vector, k, in a field effect transistor. m is electron)
Terahertz technology: devices and applications effective mass, N is bulk electron concentration foi
[ alloyed regions, and n is sheet electron density for
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Fig. 5 Application of a sub-THz
technology for hidden weapon
detection (from [4])
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Imaging Skin Cancer
Fig. 4. THz images of a fresh leaf and the same leaf after
48 hours. Courtesy of TeraView, Ltd.
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Fig. 3. Imaging skin eancer [3]. Courtesy of LeraView. -
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— Chemical imaging

2. 11. Raster-scan imaging in transmi

ion mode of a metallic paper clip. Left: without envelope,
i, in envelope. 20 mm x 10 mm THz image was made with a numerical aperture of 0.5 and 0.3 mm
pixel size (after Ref. 48).
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Narita —Japan Airport
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phetamine

Drug inspection in mails

Wojciech Knap, CNRS 121

W nastepnym tygodniu
Kwanty, stany, pasma
mechanika kwantowa dla poczgtkujgcych

1. Troche historii

2. Swiat klasyczny i kwantowy

3. Czy dwa poétprzewodniki dajg caty
przewodnik?
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Nanotechnologia

Some Mask-Making Metrics and Comparisons

*Pixels:
On a 90 nm technology node mask: 1,000,000,000,000
—In a high quality digital photo: 4,000,000

Defects:
Size that must be found and repaired 0.1 micron
—Number of such defects allowed: 0
—Size ratio: defect to the mask area: size of a basketball
area of California
*Data

—Typical number of mask layers for 90 nm
generation logic product: 2225
—Total file size needed to specify all these layers: 200 GB
Time to transmit (design site to mask shop)
using T1 line (1.4 MB/sec): ~1.5 days
—Time using T3 line (40 MB/sec): ~1.5 hours
*Cost
Cost to lease a T3 line: $70K/month
—Capital cost to build a 90 nm node capable mask
shop (capacity of 200 sets/year @50-70% yield):  $200-250M
—Yearly cost to operate such a shop: $60-100M
. —Cost to make a 90 nm node mask set
|nfe| (depreciation, labor, etc): ~$800K-1.3M
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