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TRENDY: Pierwsze Prawo Moore’a
Intel uP Technology over 10 years

Technology scaling drives higher
performance and density

Technology
generation 1%

Intel 486™ ‘ . [}

Ouym .8um .6um _.35um .25um _18um

Processor

Pentium® 33 MHz
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Processor . [ . |
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Processor
300 MHz
Pentium®™11l
Processor .
600 MHz 1GHzZ

Zrédio: Intel
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Opirie | anslizy Intel - granica 1 mld tranzystoréw przekroczona

Depesze 156 B Networld 18-10-2006, ostatnia aktualizacja

Puls Biznesu

wrpwiadvradaP | Intel zaczat dostarcza€ wybranym Klientom piervsze dvurdzeniowe ukfady Itanium 2 noszace

Bizneshiet

e afcting | nazwe kodowiq Mantecito, ktdre zai a ponad miliard tranzystorgw. Oznacza to, ie
dawnictua DG | jestesmy Swi i przekroczenia kolejnego progu w dziedzini i produkeii uktadove

Bt scalonych.

Business Week

Inwestor Finansony | Intel zapowiadatju2 w 2002 roky, 22 pracuje nad uktadem CPU zawierajacym ponad miliard ranzysiorow. Warta

ebanes praypomniet, 2e ukiad lianium 2 noszacy nazwe kodowa Madison zawisra 500 min ranzystorgw:

ndusze
Brepetie Kolejna wazng cecha uktadu ontecito jest 1o, 2e kazey rdzeri dysponuje swoim wiasnym buforem na dane. Dlatego
ki Ukdad ma duze rozmiary (ok. 58 milimelréw Kwadralowych). Uklady ltanium grugie] generacji, procukowans w 2002
aw | roku, mialy powierzehnie 400 do 450 milimetiéw kwadratowych
tewsiitEroly Intel wigkszat przez nstanie 20 fat liczhe 6 na Uktadach scalonych, Uklad

powered by Warsaw

sty 386, Kidrego produkeje uruchomiono w1383 roku, miat 275 tys. Tranzystoréw. Liczna jednego miliona ranzystorgw

" z0stata preekroczana w1989 roku, z chwila podjecia produkeii uktadu 488
stﬁg,iﬁe;ﬂi‘m Kolejne rekordy pady w 1993 roku (uktad Pentium; try min tranzystoréw) | nastepnie w 2002 roku (Pentium 4,42 min
Budownictio tranzystordw). Pienwszy ukdad Hanium 2 (2002 rok) zawierat 220 min tranzystoreuw.

Hande| ,
Folina Januez chusteckd  Intel

1.2 nm SiO, gate oxide -—

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

Channel length: ~ 90 nm

Gate positiol 6nm (!)

Characteristic time: ~ 1.6 ps

Subthreshold leakage: 0.01 mA/micron

Parasitic RSD contribution: < 16%

Energy per switching: 0.35 fJ

Static power dissipation: 5.6 nW

90 nm generation transistor (Intel 2003)

Zrédio: Intel
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Polyéillcon
Gate Electrpdg

Silicon Substrate 90 nm generation transistor (Intel 2003)

Zrédio: Intel
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70nm Transistor

30nm Transistor
Production

Today

Two Generations

Future

| ﬁm‘

Lt

50 nm Leare 30 nm Leare 20 nm Leare 15 nm Leare Gate Oxide less
. ) ) than 3 atoms thick Silicon
Intel R&D groups exploring aggressive scaling W <,
of conventional planar CMOS transistors Peter J. Silverman, Rev. 1  Intel © 2001 July 2001
Zrodio: Intel Zrodio: Intel

Gdzie jest limit Nanotechnologia

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

Bl Edycia  Widok Przsigé  zaMadd Marzsdda  Pomoc

Auto alignment system

Reticle stage
<::‘ - L‘\ - @ E/,] [ itpzfum, samsung, comyPressCe 0050912_0000192003 :
W PRODUCTS = SUPPORT ' FEATURES = PRESS CENTER ABOUT SAMSUNG Select Courtry fRegion (% 3 n inat
£ X = > llluminator
! - Hg lamp 365
PRESS CENTER PRODUCT REGISTRATION 1§ COMMUNITY 5 CART - SEARCH @ ~ 5 s el AR
Home = Press Center = Press Release
s Rges Release Press Release : .
TeWs Archive » . —5:1 Reduction lens
Hhgto Archive £l hs (+] NA = .4 3
Godporate Films.
Frstutive Bios (12, Sep, 2005 / SEC) < .
Vel ontacts SAMSUNG Electronics Develops First 16-Gigabit NAND Memory Using ' He 4 . Anti-vibration
50-nm Techneology for Sharp Jump in Mobile Storage Capacity ‘ Systenm

Seoul , Korea , Sept ember 12, 2005 — Samsung Electrorics Co. , Ltd. ,the world leader in advanced memory technology,
arnounced that it has developed the warld's highest density NAND flash — a 16Gigakit (Gh) MAND memory device. NAND is
the mast widely used memary for muti-featurs mobile applications

Auto focus system

Zrodio: www.usna,edu/EE/ee452/LectureNotes/ 05-Processing Technology
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Maszyna do technologii Step-and-Repeat Aligner (Stepper)
UV light source

Shutter
P / ‘ \ E

Shutter is closed during focus
and alignment and removed

during wafer exposure Reticle (may contain one or

more die in the reticle field)

Projection lens (reduces the size of
reticle field 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

ﬁm fo: www.usna. edurEE feed 52/ L ectureNotes/ 05-Processing_Technology

Nanotechnologia

2) P-well implant 3) N-well implant 4) Poly gate etch

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

v o (B g
@\\H I-® Cross section
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Maszyna do technologii Step-and-Repeat Aligner (Stepper)

Resist exposed to light
dissolves in the
developer chemical.

Unexposed resist remains
crosslinked and PAGs are
inactive.

Oxide

Substrate

Acid-catalyzed
reaction (during
Pre-exposure PEB)  Post-exposure Post-develop
+ CA photoresist + CA photoresist + CA photoresist

Unchanged

Zrédio: www.usna.edu/EE/eed52/LectureNotes/ 05-Processing_Technology

Top view Zrodio: www.usna,edu/EE/ee452/LectureNotes/ 05-Processing Technology

Nanotechnologia

Zrdio: www.usna. edu/EE eed52/LectureNotes/ 05-Processing_Technol
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Film

Nanotechnologia

Feature size Lithography

Wavelength

193nm

Gap

1567nm

Mask Maker's Mask Maker’s Burden
Holiday “low" k,
“large” k,

13nm (EUVL)
10
'89 91 '93 '95 '97 '99 '01 '03 ‘05 '07 '09 11
Date of Mask Readiness

Scaling Gets Tougher at Smaller Dimensions

1000

035 248nm

CoSi,, SiOF
. Copper
micron 0.1 300mm

NiSi, Strain, Low-k 35 Phase Shift

High-k EUV
Tri-Gate

0.01 10
1980 1990 2000 2010 2020
Intel continues to develop and implement new
materials and structures to meet the challenge

Litografia

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

Figure 2 NA = (n)sin(u)
(a)u=7" NA=0.42
(b) p = 20°NA=0.34 k
H !l (c) u=60°NA=0.87 W _

Numerical Aperture and Airy Disc Size
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———— Figure 4
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Maszyna do technologii Step-and-Repeat Aligner (Stepper)

Reticle Stage e

rojection
ptics Box
X reduction

zytko@fuw.edu.pl

Jacek.Szc

Laser
plasma
source

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

Intel’s Micro Exposure Tool (MET)
™~

Jacek.Szczytko@fuw.edu.pl

s = S |
Zrdlo: Intel
Nanotechnologia
© MICRODESIGN RESOURCES TUNE 19, 2000 MICROPROCESSOR REPORT
5| Mask- Stage Mask
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()| Wafer-Stage Chamber Enclosure
[40)

?gure 1. EUV light is generated from a 45eV p\asma created when a

Flgure 2. This engineering prototype of the engineering test stand

1,700W pulsed YAG solid-state laser il p jet of
xenon gas. The EUV light is collected and focused on a 4x reflective
mask by a series of condenser mirrors (C1-C4). The mask image is
projected onto the wafer by a 4x reduction camera (M1-M4) while
the mask and wafer are simultaneously scanned. The entire operation
takes place in high-vacuum environmental enclosures.

shows the LPP light source and the C1 condenser
assembly (top center). Small trapezoidally shaped doors protect the
six C1-mirror petals when the ETS is not in operation. The entire con-
denser weldment, which also holds C2 and C3, is isolated from its
environmental chamber to eliminate motion and vibration from the
vacuum pumps. (Photo courtesy of Sandia National Lab)

Zrdlo: Intel

Nanotechnologia

Photo by Kelth Diefendorff

In the ETS is coated] with 40 blayers of molybdenum and sifcon from the ETS camera. For people who appreciate ultrahigh precision,
re 342 (30 atoms) thick, creating 4 distributed Bragg reflector the mirror s a thing of beauty.
Tatsl reflactanca at 13.5am b5 7% (Saurce: Lawrance Livarmors Lab)

@ 5. Each of the seven normuk-incidence mamors dncluding the Figure 7. This photograph shows a polished and coated M4 mirror
ha
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Zdolnos¢ rozdzielcza (kryterium Rayleigha)
\ih— najmniejszy rozmiar dostepny w litografi, mikroskopii etc.

Figure 2 NA = (n)sin(u)
(a)p=7° NA=0.12
(b) u=20°NA=0.34 ?\.,
(€) b= 60°NA=0.87 W _

% ﬁ!) NA

Numerical Aperture and Airy Disc Size

Nanotechnologia
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Intensity Distribution:

Figure 4

Potozenie

Mask Making Tutorial

Example of OPC

Want this Ask for this
On the mask

Barry Lieberman, Ph.D.
Engineering Manager

OPC - Optical Proximity Corrections

“small” lens “medium” lens

Nanotechnologia

“large” lens

What we ask for -+ What we get

Get this
On the wafer

Nanotechnologia

Sub-resolution Optical Proximity C Correchon

oo o

Drawn structure  Add OPC features Mask structure Printed on wafer

Phase shift masks enable patterning 35 nm lines

Drawn structure Add phase regions Mask structure  Printed on wafer
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OPC — Optical Proximity Corrections

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

NOT OUT of
FOCUS!

Nanotechnologia

OPC - Optical Proximity Corrections

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: 22—26

—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 setsfyear @50-70% yield): $200-250M
Yearly cost to operate such a shop: $60-100M
P Cost to make a 90 nm node mask set
|nté (depreciation, labor, etc): ~$800K-1.3M

5]
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| ILLUSTRATION BY NICK ROTORDO
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Zdolnos¢ rozdzielcza (kryterium Rayleigha)
\ih— najmniejszy rozmiar dostepny w litografi, mikroskopii etc.
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Figure 4. Stepping exposure system stage control

. Sensor

Nozzle—> «—Lens  Servomator
/ driven wafer stage
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puddie

— Wafer

Immersion lithography. Stage control omitted for clarity.
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Inne udoskonalenia

Udoskonalenia

Physics of Semiconductors and their Heterostructures. Jasprit Singh
Strained Silicon

R TaTR
5.2 5 1 85 4 505 e |

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
electron
flow CITIITYY Y

XXX e0000 0@ Faster
e

electron
flow
Strained Silicon Lattice

Normal Silicon Lattice

Udoskonalenia

Strained-Si NMOS Control Si Epi NMOS
Lg=500nm
- : Channel
Relaxed

51,46€,,52.0Um| 5011y Strgined-Si
Graded Si, Ge,

Epi Si

Control 3.0 um
=0-0.15, 1. ined-Si -
x=0-0.15, 1.5um Unstrained-Si Bulk Si (P4)
Epi Si
2.7Tum

Doping Levels before processing:
Bulk Si (P+) Bulk (Substrate) Doping ~4e18(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

*Pojemnos¢: C=Sk/d

*Stosowane by zminimalizowac¢ prad tunelowy
oraz dyfuzje boru z bramki High-K Cate Dielectric
* Rodzaje:

1) 4<k<10;SiN,

2) 10 < k < 100; Ta,0s, A,0,, TiO,
3) 100 < k

Jox @1V (Alem 7}
T

150 200
Cox (uFlem’)
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Udoskonalenia
High-k dielectric material

90nm process Experimental high-k
Capacitance 1X 1.6X
Leakage 1X <0.01X

Udoskonalenia
Low-k dielectric material

Continued Progress on llltl.%l‘i.tlllllll%l.‘;i-éteL

0.5 pm Interconnects 90 nm Interconnects

Carbon
Doped
Oxide

€arbon Doped Oxide
Redukcja pojemnosci o 25%

Gdzie jest limit
Low-k dielectric material

Dielectric

Copper
Interconnects

Carbon Doped Oxide

Redukcja pojemnosci o 25% . I
7 layers of copper + low-k dielectric

; ! 755-‘5“0 f

Figure 1. Double-gote fo mulfigate (MOS siuchures (3]
£, = oote fekd directin; | = chonnel curent direction

@

Epi Raised S/D

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

fip://download.intel.comitechnology/silicon/Chau%20DRC%20062303.pdf __ Zrédio: Intel
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Figure 1. Photo of a 30-nm tri-gate transistor

Jacek.Szczytko@fuw.edu.pl

Figura 2. This simulation of a cross-saction of silicon channel
shows much more current llow (ndicated by red) n s
tri-gate transistor than in & planar ranssstor, Current

Epi Raised S/D

Figure 13 schematic of tri-gate devices showing multiple legs.

ftp://download.intel.com/technology/silicon/Chau%20DRC%20062303.pdf Zrodio: Intel

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

Jacek.Szczytko@fuw.edu.pl

Programable logic

Tranzystory

&k.Szczytko@fuw.edu.pl

pl gate (IPG) i 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

Gdzie jest limit?
* Logika nieodwracalna

— Rozwazania Johna von Neumanna ponad 50 lat temu,
usystematyzowane przez Rolfa Landauera w 1961

» Entropia zwigzana ze zminang stanéw (Prawo Boltzmanna):
S=kyInQ
gdzie S = entropia i Q ilo$¢ stanow
« Energia wymagana do przezwyciezenia tej entropii:
AE=TAS
E=Tky,InQ
» Poniewaz logika cyfrowa jest binarna (Q = 2) to energia potrzebna na
zmiang stanu bitu to:

zczytko@fuw.edu.pl

E=I,Tn2
2 Z tego rownania (nazwanego réwnaniem von Neumanna — Landauera)
% ograniczenie na energie w 300 K daje:

Jac

E, 2k, TIn2= 017 V.

Relacja nieoznaczonosci moze by¢ wykorzystana do okreslenia minimalnych
rozmiaréw, gestosci, mocy i szybkosci przetgcznika binarnego.

12



Gdzie jest limit?

AxApzh
AE Atz h

minimalny rozmiar przetacznika
Xpin=h/Ap=h/2m,E,)"* =1.5nm

n,.. maksymalna gestos¢ przetgcznikow
Ry = 1/x2=4.7x 10 devices | cm?

Ximin.

t, minimalny czas przetgczania

tin =/ AE = .04 ps
Szybkosé
Speed =//t,, =1/.04 = 2.5 x10'3 Hz =25 THz
Moc

P=,,E,;)/t,,=37x108W/cm?2

X pip_Minimalny

xm

n,,,. maksymal ]

nm

t.i, minimaln

min
Szybkos¢

Speed

Moc

1970 1!06 Im 2000 '
CPU - Computar Power User Magazire

max min

SOURCE: INTEL

2010

=3.7x10°W/cm?

Gdzie jest limit
Scaling problems

Oxide Thickness 2.3nm Leakage (lgate)
Junction Depth 30 nm Resistance (Rae)
Channel Doping V=0.25V | Leakage (o)
SDE Under Diffusion | 15 nm Resistance (Ryw)
Channel Length 0.06pm Leakage (lore)
Gate Length 0.10pm Leakage (loer)

SDE Source-Drain Extensions

Nanotechnologia

Some Mask-Making Metrics and Comparisons

*Pixels:
On a 90 nm technology node mask:
—In a high quality digital photo:
*Defects:
Size that must be found and repaired

—Number of such defects allowed:
—Size ratio: defect to the mask area:

*Data
Typical number of mask layers for 90 nm
generation logic product:

—Total file size needed to specify all these layers:
Time to transmit (design site to mask shop)
using T1 line (1.4 MB/sec):

Time using T3 line (40 MB/sec):
*Cost

—Cost to lease a T3 line:

—Capital cost to build a 90 nm node capable mask
shop (capacity of 200 setsfyear @50-70% yield):
Yearly cost to operate such a shop:

Cost to make a 90 nm node mask set

|ntel (depreciation, labor, etc):

1,000,000,000,000
4,000,000

0.1 micron

0

size of a basketball
area of California

22—26
200GB

~1.5 days
~1.5 hours

$70K/month

$200-250M
$60-100M

~$800K-1.3M
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We've Got Roaches

The term "computer bugs” arose earlier in the century when insects
the cause of malfunctions in the relays used in
very early computers. In some cases, the bugs would induce a short-
circuit by getting caught in the mechanical relay contacts and would
ave to be removed manually. As progress would have it, we must
now deal with silicon insects as evidenced by the photomicrograph of
a roach that we caplured scurrying across the surface of a Hewlett-
Packard CPU support chip. So far, this is the only silicon bug we have
found, but we're keeping our eyes peeled.
‘The photograph below contains a page from the 1945 logbook of the
Mark | computer at Harvard University, one of the first computers ever
bui. Eng Hopper and her  tesing
the Mark | one day when the machine suddenly stopped. Upor
inspection, they found a fried moth that had become wedged into one
of the relays, causing a short circuit and halting the computer. Hopper
the bug Into her logbook (ilustrated below), and we have been
referting to computer gltches as "bugs” ever since.

Tie Gan of worms illustrated in the digital image.
presented above is the creation of designer Greg Ronde,
who'placed the doodle on the Lattice Semiconductor

programmable gain instrumentation amplifiers, tw
miiplying digital-to-analog converters, and two
cqfigurable output amplifiers with rail-to-rail outputs.
Tiere are two additional doodles on the ispPAC30
integpated circuit. One is a pack rat (general logo for the.
design team), while the other is a wolf silhoustte, which
Is the signature of Reo Gargovich, the lead designer on
this chip.

MFLECULAR EXPRESSIONS: Explor
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Runaway Train

We ran into this miniature locomotive at a railroad crossing on an
Allen-Bradley/VLS! standalone ASIC that was fabricated in
1994. Bob Weppler, designer of the train, has informed us that
he placed the locomotive and coal car on the chip at the request
of engineer Jerome Saint-Cyr to represent “the ltle engine that
‘could”. This was in reference to the fact that the chip has a small
RISC core microprocessor allowing it to compete with its more:
advanced counterparts. Bob says that the locomotive was.
fabricated in two metal and one polysilicon layers during the
chip's manufacturing process.

Gapan e 'JJ“‘
‘T " —ﬁf SN j]—r 5 "The Little Engine That Could"”

“THIS Yhiniature choo-choo train was discovered rolling down the
Hacks on a LeCroy MVV 200 analog shiftregister integrated
rcufl. The existence of the train was brought to our attention by
JohnT. Anderson of JPS Designs located in Elbun, llinois. The
raicks" upon which the train is apparently riding are the high
speed shift register. This chip is based on Charge Coupled Device
{GE0)technelogy. wharo andlog samples o electical chargo are
telpérarily stored in the chevron-shaped tracks, and cor
signals create electrical fields that "bump" the charge s\ong rom
‘seghent to segment.

M#LECULAR EXPRESSIONS: Explorin;

This is undoubtedly the most surprising doodle that we have ever discovered adoming the surface of an integrated circuit. Most people are used
to seeing warranty disclaimers on everything from refrigerators to software, but this is the first one we have encountered on a silicon chip. Our
hieroglyphics experts have not yet deciphered the entire body of text, but the phrases "No purchase necessary", "Keep away from fire", and "not
for resale” are clearly visible in the magnified portion shown as an inset within the photomicrograph. The pad containing this warranty is 450
microns tall by 1850 microns wide and sports 25 lines of text, with each character being between six and eight microns high. This disclaimer--
probably the smallest ever written-was found on a Hewlett-Packard "Aspen" (Acquisition Signal Processing ENgine) chip used in digital
oscilloscopes in the late 1980s and early 1990s.

MFLECULAR EXPRESSIONS: Expl

'su.edu/creatures/index.htm!
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Don't Panic

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 lttle bit, took the
photograph, then spliit (we don't have to be
wamed twice).

This Bird's For You
=

Too Damn Close!

0B Panic - when uncertain about your whereabouts n the
erse o the strange customs of new aliens that might cross
your path. Just consult your guidebook: "The Hitchhiker's Guide
tohe Galaxy", where you willfind that the number 42 is the
/er to the question about life and the universe. Or so says a
computer named "Deep Thought'. We've been stuck on
@_}1 Earth these pasi few decades 50 our information about
nomenon is incomplet

“This is a very high magnification view of what appears to be a hummingbird etched into the silicon on a
Hewiett-Packard PA-RISC 7000-series microprocessor water. The inscription above the bird reads: *This.
Bird's For You", but we don'tthink that it is for us. We think that itis for you.

o
science fiction symbol e were iscovered on a node

adapter chip that serves as an interface between a remote 1/0
link and a microprocessor-based product, developed by Allen-
Bradley/Rockwell in 1988. Chip designer Bob Weppler tells us
that these icons from the famous Douglas Adams sci-fi novel
were included on the chip along with the cricket wicket and a
Sperm whale that slammed into the planet Magrathea.

l MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mit fsu. i html MFLECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mit fsu. i _html
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Galeria The Buffalo Chip

Thor: God of Thunder

| Love Hewlett-Packard

com ocu
ow the slgnlﬁcance o hese bisondike sfcon crea(ures bt lhey are
me of the coolest buffalo that we have seen. One suggestion about the

This magnifcent rendition of Thor, of thunder, supportchip. According I'bliffalo, which we feel is worth mentioning, was brought to our attention by
tolegend, Thor was the son of Ocin and Jord and later married Sif (a fertilty goddess) although he kept a mistress named Jamsaxa avis Thomas of Austin, Texas. Travis is under the opinion that the
(the "ron cutlass"). It was aiso widely believed tha during a thunderstom, Thor couid be found saiing through the heavens o his nificance of the bison is to denote "buffalo chips?, of which these are

goat-powered chariot, and thatlightning lashed whenever he threw his hammer (named iolni) : o ; :
At 1.1 square milimeters in size, this silicon artwork is not only the finest we have seen to date is also one of the largest and Enﬂmly one form. In fact, Travis’ suggestion led us to change the title of
required our lowest-power microscope objective (5x) to capture the entire image. Hewlett-Packard engineer Rick Butler loaned us s gallery entry. ) )
ihischip,along with the marathon chiptha corfains a tennis shoe. Rk was also nsirumenta in providing us with infomation about e herd of buffalo was devised and executed onto the chip by HP
the "sunken via” method of creating these doodles as revealed in our interactive Java tutorial on building a silicon Yin Yana, and \gineer Dick Viach, who tells us that the buffalo are dividing and leaving
B o e e it o ne Thor rendion on this chip. He asked graphics (chips behind. John Carlson was the chief design engineer for this chip,
osigner Aprl Comer t araw the Viking and &he produced our deas about how {he god could appear. Darin picked one and turned ~and Dan Zuras is responsible for the crossward puzzle of designers'
itinto a contact "bitmap" for placement on the final masks, ylelding the image presented above. It is somewhat ironic that both Darrin names that appears directly to the right of the buffalo (only a small portion
and April are graduates of the University of Florida, our in-state football rivals. of the puzzle is visible in this photomicrograph). This chip was designed
by the Fort Collins, Colorado HP chip design team and the buffalo are a
mascot of the nearby school, the University of Colorado.

Jacek.Szczytko@fuw.edu.pl

e chig desgners had a hig for HewletPackard
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Galeria

~ One of America's favorite icons, the Playboy bunny, was discovered on an integrated circuit made in Germany by Siemens. The bunny rabbit head

logo was originally designed by Art Paul, the first art director of Playboy Magazine, and has appeared on the cover of every issue (with the exception of

() the very first). Hugh Hefner, creator of the concept is quoted:
“I selected a rabbit as the symbol for the magazine because.... he offered an image that was frisky and playful. | put him in a tuxedo to add
the idea of sophistication. There was another editorial consideration, too. Since both the *New Yorker' and 'Esquire’ use men as their
symbols, | felt the rabbit would be distinctive; and the notion of a rabbit dressed up in formal evening attire struck me as charming,

amusing, and right."

The integrated circuit was donated to the Silicon Zoo by German photographer Karl E. Deckart, who is one of our featured microscopists. To view

more of Karl's work, visit his Mikro/Makro website, which contains a sampler of his transmitted and reflected light images captured with a microscope.

l MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mi fsu
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We caught this silicon Smurf pulling a wagon containing the copyright symbol around the pad ring on a Siemens integrated circuit of unknown
function (the M879-A3). Like other Smurs, this figurine was originally created by Belgian cartoonist Pierre Cullford (also known as Peyo), and
introduced into the United States in the late 1970s. In the early 1980s, the Smurf culture exploded when the National Broadcasting Company (NBC)
launched a cartoon series featuring the tiny creatures. Smurfs typically are blue, wear white hats, and stand three apples high. This guy goes
against the grain with his orange skin and yellow hat. In adition, he is only about 60 micrometers high, more than 1000 times smaller than a single.
appl

The photomicrograph was donated to the Silicon Zoo by German photographer Karl E. Deckart, wha is one of our featured microscopists. To view
more of Karl's work, visit his : a sampl transmitted and reflected light images captured with a

microscope.
M#'LECULAR EXPRESSIONS: Exploring the Wos Optics and Micrascopy http://www.

fsu.edu/creatures/index.ht
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We captured this racing across aH circuit. The chip was
designed in combination with a very early HP-PA microprocessor that was code named Cheetah and used in the HP-900/750/755 series
‘computers. Cupertino engineer Willy McAlister originally found the image on the cover of the September 1986 IEEE Computer
magazine and asked his wife, Monica (a graphics artst), o redraw the image for placement on the chip. The redrawn cheetah was
digitized by Dick Viach, one of HP's top mask designers, and incorporated into the mask--and subsequently onto silicon.

Jacek.Szczytko@fuw.edu.pl
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This miniature rendition of a bulldozer appears on a NMOS digital chip designed in 1980 for Caterpillar by Synertek
for use in their heavy equipment Electronic Monitoring Systems. The integrated circuit is still used in many models
of Caterpillar construction equipment, including bulldozers. We suspect that the bulldozer is busy clearing space on
the chip for additional transistors. The chip was loaned to us by Chuck A. Morrill, a Semiconductor Component
Engineer who conducts failure analysis testing and sourcing of chips for electronic controls at Caterpillar. Now, ai

Jacek.Szczytko@fuw.edu.pl

this slick?
htp://www.microsco
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We found this interesting creature on the Hewlett-Packard superscalar PA-RISC 7100LC
Hummingbird microprocessor chip not far from the hummingbird (you know-—the one that is for
you). The guy with the sunglasses appears to be showing a number of items, including some
(probably) "hot" watches, inside his trench coat. From the crown advertisement on the inside of
his coat, we think that this guy expects us to believe they are genuine Rolex watches. Although
we don't understand the significance of this scam artist or whom he expects to con while
lurking around on this chip, he is one of our most unusual busts to date. It's characters like this
that lead us to suspect that a secret cartoon culture is being perpetuated on hidden silicon.
Several emails from HP engineers Patrick Knebel, Wayne Kever, Craig Robson, and Bob
Miler have cleared up the mystery of this con artist. Early HP chipsets included a separate
floating-point math coprocessor, and the HP-9000/720 workstations used a Texas Instruments
chip that was termed the "Timex" coprocessor. In later microprocessors, HP integrated the
floating-paint unit onto the CPU die. The PA-7100 microprocessor contains the "Rolex"
floating-point circuitry integrated onto the chip, and this advanced circuitry features greater
performance than the Timex coprocessor. The clock circuiitry was later redesigned to save
space (modestly reducing double-precision performance) on the PA-7100LC (Low Cost)
processor and the floating point array was then nicknamed "Lorex", a pun on the low-end
Rolex. The con artist (designed by HP VLSI design engineer Bob Miller) was placed on the
PA-7100LC with a modified Rolex crown that is missing a point (it only has four), to symbolize
the cheap Rolex knock-offs, “Lorexes" that he is apparently trying to pawn.

Another interesting feature of the con artist is the unusual way this creature was created on the
chip. The vast majority of silicon creatures are created as "wireframe" metal layers on a silicon
dioxide surface. The con artist was constructed in a series of small squares, much like a
bitmap image. The technique using these small squares is the safest technique that engineers
have for patteming these miniature doodlings. The actual squares are really contacts (voids
where a hole is produced in the dielectric medium) between two metal layers and appear as a
series of slight dents in the surface of the chip. This is demonstrated with our Yin Yang
interactive Java tutorial that illustrates how these doodles are formed on the surface of an
integrated circuit.

l MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mi fsu i html|
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From the Scott Adams cartoon strip, we present
this photomicrograph of cyber-engineer Dilbert,
P o caught hiding from his omnipresent boss within
he cicuitry of  computer chip. Dilbet, voted
by his high school cassmates as "Most ikely o
ind 2 potato that resembles himselr s one of
our favorle artoon characters.

¥

X
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One of today's most popular cartoon strips is
Dilbert, written by Scott Adams and syndicated by
‘every major newspaper in the United States. We
have found two of the main characters in this comic
strip, Dilbert and Dogbert, on the two biggest and
fastest microprocessors in our collection. This
siicon version of the Dogbert character, as
illustrated above, is about 140 microns in size.

8, e

htp://www.microscopy fsu.edu/creatures/index.html

Daffy Duck

The Road Runner Show, a 30-minute cartoon series,
premiered on the CBS television network on
September 10, 1966. The episodes featured three
cartoons, one with the Road Runner and Wile E.
Coyote (whom we have never found on a chip), and
two with other Warner Brothers cartoon characters.
The Road Runner cartoons featured humorous
scenarios in which the Road Runner would out-smart
the rather dumb coyote and usually cause him serious.
cartoon injuries. We found this version of the Road
Runner on a Hewlett-Packard 64-bit combinatorial
multiplier integrated circuit. The major design credit is
given to Dan Zuras, whose name appears just below
the Road Runner.

The Road Runner

Aswe see it, the engineers that designed this wireframe
Version of Daffy Duck must have had a very interesting
sense of humor. We found it deeply embedded within the
&irctitry of a RISC microprocessor, about 1500 microns
away from a similar-style rendition of Waldo. Daffy is
about 50 microns in size, making it necessary to use a
highspower (40X to 60X) microscope objective to
pholograph the wireframe character.

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

Where's Waldo?
T
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forWaldo in (and we have tool). The
photomicrograph above illustrates a wireframe rendition of Waldo that we found hiding on the surface of a microprocessor
integrated circuit. Discovering this version of Waldo proved to be much more difficult than the one in the comics. When

searching the y strip, you have to red faces to find the real Waldo hiding, usually in a crowd,
behind a building or in a comer. We caught this siicon version of Waldo (that is about 30 microns in size) hiding among
caches, buses, and registers through of square microns of ahigh-

Y
power optical microscope. Waldo is the first Silicon Creature that we discovered, and this led o an exhaustive search for more
creatures and construction of the Silicon Zoo gallery.

htp://www.microscopy fsu.edu/creatures/index.html
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Ancient Egyptian God Anubis

While examining the Silicon Graphics MIPS R12000
microprocessor, we found a pair of Egyptian gods that
appear to be guarding mask alignment targets on the
chip. The photomicrograph above depicts one of the
figures who we think is a representation of Anubis, a
Jackal-headed Egyptian god who was in charge of
eembalming and mummification of the royal deceased.
This creature is about 100 microns high.

MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mi fsu i html|

The Pepsi Generation

remember when a boltle of Pepsi cost a nickel? We can't
eitfier, 50 we did a it research to find out the approximate date of
s undoubtedly the smallest advertising sign yet created (the
fiigop rendition featured above--about 750 microns wide). Pepsi-
Iafwas first introduced as a fountain drink in 1898, prior to the
read use of bottled soft drinks. A few years later, Caleb
'am began botting Pepsi in a plant located in New Ben, North
ina. Afler the great depression, advertising emphasis was
shiftéd to low cost and high product value. In 1934, Pepsi-Cola
& the first softdrink manufacturer o replace the popular six-
oyre bottle with a 12 ounce bottle for a nickel. This was widely
aﬁ.m in signage of the period, as illustrated with the authentic
reproduction done in silicon above. We found this sign on a Hewlett-
Packard CPU-support integrated circuit. The arrow, difficult to read
at this magnification, contains the text: "Look for the Trade Mark",
and the bottom of the label reads: "Healthful® (thank god the FDA
wasn't around!) and "Refreshing".
‘The Hewlet-Packard integrated circuit featuring this tiny siicon
rendition of a Pepsi commercial was donated to us by HP chip
designer Craig Robson, who designed the artwork.

M#'LECULAR EXPRESSIONS: Exploring the Wos Optics and Micrascopy http://www.
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This ofa di o
nested within the clock circuilry of a Hewlelt-Packard PA-7100

P also
contains The Bird s the Word entry in the Silicon Zoo. The Rolex
is another example of the ingenious Sunken Via method of
constructing doodles using a bitmap of via shafts developed by HP
chip designers in Fort Collins, Colorado. This method of
constructing siicon creatures is based on the formation of images
through patters (a series of tiny squares), much like bitmap
images are composed of a series of pixels, where each covered
via shaft represents an individual pixel. The Rolex s made with
over 5000 individual via shats. Other entries in the gallery
constructed in the same manner include: The Con Artist, This.
Bird's For You, The Sundial, and The Thunderbird. Additional
Information about the evolution of siicon doodles within HP
microprocessor clock circuilry can be found in text accompanying

e Con Adis gallery eny.
The Rolex

fsu.edu/creatures/index.ht
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Pac-Man

czytko@fuw.edu.pl

I spotted this silicon Pac-Man gobbling the initials GAAS (gallium arsenide) on a TEMIC Semiconductors silicon-germanium radio frequency
tegrated circuit. This chip is the first Digital Enhanced Cordless Telecommunications (DECT) device produced with siicon-germanium technology,
replacing the usual gallium arsenide power amplifier devices normally used in DECT applications. Similar devices made using gallium arsenide are
xpensive and normally require a negative auxiliary voltage. We assume the Pac-Man silicon icon was planted on the chip as a symbolic gesture to the
t that devices made with silicon-germanium are poised to "eat up" the gallium arsenide-based competition.
ac-Man was originally designed by Toru Iwantani and programmed by Hideyuki Mokajima and his associates. The name Pac-Man is derived from the
(d:panese slang "Paku-paku”, which means "to eat". Originally, the Japanese named the game "Puckman’, but it was changed to "Pac-Man" upon
unching in the United States. Pac-Man is the best-selling video arcade game in history, and the yellow gobbling Pac is probably the most recognized
“ideo character. The game has spawned a number of side products including cartoons, lunch boxes, board games, clothing, and numerous other
products.
The chip containing this artwork was loaned to us by Chipworks, a company that s an intemational provider of reverse engineering services,
analyzing the circuitry and physical composition of semiconductor chips and electronics systems for competitive study, intellectual property support,
and reliability assurance.

MFLECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mit fsu.edulc i _html
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We were notified about the existence of this eagle by John Deters, who loaned us a copy of the chip for digital imaging through the microscope. The artwork
was placed on a very early version of a 1 Mb memory chip made by IBM in the mid-1980s. Because the integrated circuit used older 256 Kb technology, it
was larger and slower than later 1 Mb chip designs. However, the chip was a significant cost improvement over existing 256 Kb chips of the period and
enabled IBM to compete more effectively with Japanese 64 Kb chips that were seling at 1/20th the cost. Featured on the chip is the image of a bald eagle
(designed by engineer Scott Lewis), which overlaps into a cache region of the chip. Also present, on the left-hand side of the image, are the letters [BM and
the designation "Eagle”, which is probably the code-name for this random access memory integrated circuit,

Jacek.Szczytko@fuw.edu.pl
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We discovered this somersaulting canine on a Digital VAX microprocessor support chip loaned to us
by designer Bob Supnik. There appears to be clumps of silicon "grass" below the dog and he seems
to be having a good time (probably happy that this chip design finally made it into silicon).

MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.
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The Wedding Announcement

k.Szczytko@fuw.edu.pl

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 supervised
the development of masks for this microprocessor. The size of the announcement is
approximately 100 microns. We were given a copy of the original photograph (courtesy
of Yeuk-Hai Shark Mok) from which the wedding announcement was derived, and this

is displayed below for ison purp
hito/Awwow microscoy

.fsu.edu/creatures/index.html
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Tux, the Linux Penguin

A chip designer informed us of a miniature replica of Tux, the Linux penguin nesting in the pad ring
of an integrated circuit of unknown type and function. If we obtain more information about the chip,
it will be posted (maybe it's a special microprocessor that is optimized for the operating system).
Linus Torvalds, creator of the Linux operating system, was the one who originally had the idea for a
penguin as the Linux logo "center'piece. The cute little penguin rendition illustrated above
measures about 130 microns in size.

M#&LECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mit fsu.edulc i _html
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We were examining a Random Access Memory (RAM) integrated circuit manufactured by a partnership
between Thomson and Mostek when we discovered maps of France and the state of Texas. The
photomicrograph above depicts the map of France as seen on the chip. The tiny "bumps” on and surrounding
the map do not designate cities in France-—they are small particles of dirt incorporated into the circuitry
during manufacture of the chip.

htp://www.microscopy fsu.edu/creatures/index.html
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's Life (Darkfield
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We fnanaged to capture a photograph of what are now perhaps the tiniest Martians on Mars. Appearing s an opposed duet of helmeted gladiators, these
silicon soldiers were discovered on the surface of an image sensor used by the Spirit and Opportunity rovers sent to probe the Red planet. Maybe
e are the ONLY Martians on Mars? Probably not. In any event, the chip was loaned to us by designer Mark Wadsworth who is a fan of the Silicon Zoo.
informs us that he decided to try his hand at silicon artwork after visiting the Zoo on several occasions. The title of his artwork is the "Dueling Marvin
%ﬂsnisﬂs'ﬂ Mark designed the image sensor for NASA's Jet Propulsion Laboratory along with Tom Elliot, who actually did the testing of the flight
idate imagers to select the 20 or so that actually made it on the two missions. Tom and Mark tended to butt heads quite a bit, which was the inspiration
e doodle.
Thgfover image sensors are charge-coupled devices (CCDs) much like those found in ordinary everyday digital cameras, but with several advanced
bgres. In order to speed image capture, the CCD uses frame transfer technology to quickly shift the captured image behind a mask (the shielded region
electronic shutter in the image below) after the photodiodes have accumulated sufficient charge (relating to the image intensity). This particular sensor
contains 1024 x 1024 pixels, each of which is 12-micrometers square. The chip is a custom design that was developed to meet the rather stringent
performance criteria cooked up by the mission's brainchild (Dr. S. Squyers) and his group at Cornell University.

MELECULAR EXPRESSIONS: Exploring the World of Optics and Microscopy http://www.mi fsu i html|

Litografia 3D

Lasery ekscymerowe
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ectron-microscope image of the world's smallest guitar, based roughly on the design for the Fender Stratocaster, a popular
ectric guitar. Its length is 10 milli of a meter-- i the size of a red blood cell and about 1/20th the width of a
ngle human hair. Its strings have a width of about 50 billionths of a meter (the size of approximately 100 atoms). Plucking the
ny strings would produce a high-pitched sound at the inaudible frequency of approximately 10 megahertz. Made by Comell
esearchers 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 billionths 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
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Fig. 5 Application of a sub-THz
technology for hidden weapon

Imaging Skin Cancer

Fig. 3. Imaging skin cancer [3]. Courtesy of TeraView, Mchae
i

Fig. 4. THz images of a fresh leaf and the same leaf after
48 hows. Courtesy of TeraView, Lid,

Terahertz technology: devices and applications
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