On May 4, 2011, Intel Corporation announced what it called the
most radical shift in semiconductor technology in 50 years.

A new 3-dimensional transistor design will enable the production
of integrated-circuit chips that operate faster with less power...
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Intel Corp. shewed off what it
called the most radical skift in
semiconductor  techmology in

" more than fiftr vears, a design

* that conld produec more poveer-

DU chips for gadgets without
texing their hatteries.

The company plans o change
a key part of each chip inlw &
vertical, fn-like sTucture, 2 sim-
far principla to the way high-
rise buildings pack more wilice
space 1 & afy. The parts oeing
changed—trangisters—are the
building block of nearly all elec-
ronie products; todays micro-
rFirs ran contain hillians of the
tiny switching elentents. .

neel s2id fis lanest teckmaingy

bring more comwpiting:
peswver to smartphones and b

lel computers as well as speed
ap corporase data earters—all
while gharply reducing powcr
COSWE L.

Theweh rivals also have been
exploring similar techaclegies,
ave] fs thee fasd w ool o us-
ing the'se-callad 3-D approach in
high-wolime productios, a gam-
ble that analysts said could hsly
lmte] maren the pertormanes ad-
vanfages o rivsls that have
largely kept Intel's chips ouxt of
the smartphone market

We've been' tallding abeut
thees -1 sireuits fer more than

10 yeaus, brat no ae has had the
cordiclence to move them into
manuficturing®  said  Dan
Dutcheson, a chip-mannfacturing
specialst with the firm YLSI Re-
saarch.

Imte] executives demonstrated
wiorking chips besed on the new
aproach a2 pathering Wednes-
day in San Frandsco, They indi-
cated the first microprocessors
would likely be targeted for
high-and desktop compuaters and
server systems and amrive in
early 2012, -

For deeades, chip mimafictur
ers have raced to shrink the size
of components, which increzses
the parformanes of chipe while
decreasing the cost of each cum-
puting funcsion Competition has
sprrad companias to intreduca
ever-ymaler proceises svery
couplz of years.

Intz] exerutives say the $aift
to 3 I transistors brings move
benefits than simply movng toa
new generation of mamifarher-
ing tecknology. For exmmaple, if
designers keap perfornancs: con-
suption  constant,” the naw
technology conswmes hal® the
U i ey exdsting prm
ton method.

“Trat is an wnprecedented
Zadn,"™ said Mark Buhr, who 20lds
“he dtle of Intel tellow and eads
‘e development »f rew ranu-
factiring - processes. “Ve've

. ﬁedﬁip rr_ml_:qr I:mlcc_ I'im:mnmhmt approaches fo make

“ransistors, o
- Comventinnal franeietor:
" Electrens fiow bebveen
LOTIPORENTS Z3l12d 3 source and-
2 dralr, farming &
- bevadinienzienal cenducting
el & component @lied a-
. gabe starks and stops the few
. gwitehing @ transistsr an or off

nevey ackieved that Hod of per-
formanee gain at low voltage”
Chip designers have lorg
WOrked in more than two dimen-
sinms, with “ransistors topped by
loyers of intercomnectivg wiring,
Imel’s shifl relates t a pars of
ezch transistor that determines
how fast elestrieity flows and
bww much qurrent may leak our,

. Iniel's naw trangictor: A fin-lke

structure rises above L surface
o7 T1e transistinwth the aats |

- wrapped zround it, ferming

conducting chamnels an thiee
sides, The desiy. Takas less spalte
an & ovip, and moroves spepd and -
reduces poweer consumat on

affecting Dower CoRSUTpTen.
btel engircers replaced a flat
channel for conducting electrons
with & fin-shaped stuetare simr-
rounded on three sides by a do-
vice callad a gale Lhal turns the
tiow on ard off The three-di-
rrensionz] shape, Mr. Bohr said,
lets more cumvent flow during
the “on” state and 1255 current

. el

Building Blocks

to laak when the trarsistor is
switched "off*

Intel disclosed the und&ﬂ:,'ing
approach ic Tesearch papérs in
2002, and hos-spent the inter-
rening years perfecing it It has
orted to shift eortpletely to s
new transistors for it neat man-
ufacturlng  process—slaed 1o
ereate caips with cirout dimen-
siens measured st 22 nansme-
ters, or billionths of & meter, -
current  chips use
A2enanometer tachnology:,

Departures fiom comventomnal
manmmwugtemmonestmd
tnincrease eosts, and chip com-
panizs iy o aveld them. ML
Bobr sald Imtel corcluded it

could e ta the raw tachnals
ogy with a 29 to 3% increase in:

Ui cust of a finisbed silicon wa-
fex, each of which containg wn-
éreds of chipa

Dihers are expected 10 use
the &t some peint, too,

kut mot untl they have chrunk

their chcuitry beyund 22 ra-
nometers.,

Glokalferndries, 3 produc.
o service spun off fom S
Vanceg Wik Devices Ing., said
Viednesday it will uss comven-

tional transistors fer its forth-
E0-LANCIETeT Drocess.

Corung
e dom't ses the nesd” far

‘tecarologies like 3 D transisters

until subsequent production
cesses, a spakesman aid.

The 3-D Tri-Gate
transistoris a
variant of the
FinFET developed
at UC-Berkeley,
and will be used in
Intel’s 22-nm
microprocessors.



History and Future of the FInFET
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Impact of Moore’s Law

Computing Growth Drivers Over Time, 1960-2020E
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Source: ITU, Mark Lipacis, Morgan Stanley Research

http://www.morganstanley.com/institutional/techresearch/pdfs/2SETUP_12142009_RI.pdf




1996: The Call from DARPA

e 0.25 um CMOS technology was state-of-the-art

e DARPA Advanced Microelectronics Program Broad Agency
Announcement for 25 nm CMOS technology

1998 International Technology Roadmap for Semiconductors (ITRS)

1999 | 2002 | 2005 | 2008 | 2011 | 2014 | 2017 | 2020
Technology Node 180 | 130 | 100 70 50 35 25 18
nm nm nm nm nm nm nm nm
Gate Oxide 1.9-2.5 | 1.5-1.9
Thickness, T, (nm) | Solutions No known
Drive Current, I,sx; | being pursued BEIe)[V14[e]755
End of Roadmap

- UC-Berkeley project “Novel Fabrication, Device Structures,

and Physics of 25 nm FETSs for Terabit-Scale Electronics”
* $5.2M over 4 years (June 1997 through July 2001)



MOSFET Basics

Metal Oxide Semiconductor 0.25 micron MOSFET XTEM
Field-Effect Transistor:
GATE LENGTH, Lg : Liner Oxide
Buffer e, T

Source

Substrate

Si substrate

http://www.eetimes.com/design/automotive-design/4003940/LCD-driver-highly-integrated

GATE OXIDE THICKNESS, T,



MOSFET Operation: Gate Control

Desired N-channel MOSFET « Current between Source and Drain
characteristics: cross-section is controlled by the Gate voltage.

* High ON current y o )
. Low OFF current * “N-channel” & “P-channel” MOSFETs
operate in a complementary manner

“CMOS” = Complementary MOS

log I,
Electron Energy Band Profile 1 — Iy
n(E) «c exp (-E/kT) O
L OO =
g Inverse :slope is
® | i subthreshold swing, S
5| Sourceincreasin off T i [mV/deg]
o : 0 \’/ —> GATE VOLTAGE
- Ve Drain TH !
: —> Vop
distance



Inversion-Layer Thickness

Ve > Vo, ‘ Gate \ The average depth of the inversion layer
below the Si/oxide interface is referred
to as the inversion-layer thickness.
e 2-3 nm (depending on gate voltage)

inversion layer

Inversion-layer depth profile Inversion-layer thickness
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Y.-C. Chin et al. (UC-Berkeley), Semiconductor Science and Technology Vol. 13, pp. 963-966, 1998




CMOS Devices and Circuits

CIRCUIT SYMBOLS CMOS INVERTER CIRCUIT INVERTER
N-channel P-channel VDD_T VOUT
S

MOSFET MOSFET LOGIC SYMBOL
N ° B Vo
1 1 ] D
V D VOUT

SJ_LD sJ Lp IN

]
(;NDJ—é VIN
CMOS NAND GATE
Voo
l STATIC MEMORY (SRAM) CELL
Ao—o||: Bo—oll: NOT AND (NAND) -I I— WORD LINE
TRUTH TABLE
}—OF A B F
Ac— 0 0 1 0 1
:l o1 1 or or
BO—| 1 0 1 —_—
il 1 1 0 BITLINE 1 O BITLINE




Improving the ON/OFF Current Ratio

VDD VGS
* The greater the capacitive coupling between Gate and channel, the
better control the Gate has over the channel potential.

—higher I/l for fixed Vi, or lower V; to achieve target |5/l

—reduced drain-induced barrier lowering (DIBL):

log I,
increasing
VDS

lore

Source increasing
VDS




MOSFET in ON State (V.. > V)

width velocity inversion-layer charge density

|, =W xvxQ.
/ \ gate-oxide
capacitance

V oC UL Qinv o Cox (VGS _VTH )77

A mobility gate overdrive

Source

DRAIN CURRENT, /,

Substrate

DRAIN VOLTAGE, V¢



Effective Drive Current (I ;)

CMOS inverter chain:
V, Vv, V,

I, +1

| = L
EFF~ 2

>TIME

\/
’ A l,, (DIBL = 0) |psar
\

llllllll‘l’ VIN=VDD

L ) 1
* !

-
S

Ldn Vin=0.83Vy,

GND

NMOS DRAIN CURRENT

NMOS DRAIN VOLTAGE = V¢

M. H. Na et al., IEDM Technical Digest, pp. 121-124, 2002




Performance Boosters

* Strained channel regions - ueffT

* High-k gate dielectric and metal gate electrodes - COXT

Cross-sectional TEM views of Intel’s 32 nm CMOS devices

channel

P. Packan et al., IEDM Technical Digest, pp. 659-662, 2009 12



A Journey Back through Time...



The UC-Berkeley AME Team

* Pl/co-Pls: Chenming Hu, Jeff Bokor, Tsu-Jae King

e Post-doc: Vivek Subramanian

e Industrial visitors:
— Digh Hisamoto (Hitachi CRL)
— Hideki Takeuchi (now with Mears Technologies)

e Graduate students (alphabetical order):
— Leland Chang (now with IBM TJ Watson Research)
— Yang-Kyu Choi (now with KAIST)
— Xuejue “Cathy” Huang (now with Intel Corp.)
— Jakub Kedzierski (now with MIT Lincoln Lab)
— Charles Kuo (now with Intel Corp.)
— Wen-Chin Lee (now with TSMC)
— Nick Lindert (now with Intel Corp.)
— Stephen Tang (now with Intel Corp.)



Why New Transistor Structures?

* Off-state leakage (l;) must be suppressed as L, is scaled down
— allows for reductions in V;,, and hence V,

e Leakage occurs in the region away from the channel surface

- Let’s get rid of it! L
<—E)
Thin-Body
MOSFET:
N . Die:
. . “Silicon-on-
Buried Oxide Insulator” (SOI)
Substrate Wafer




Thin-Body MOSFETs

* |, is suppressed by using an adequately thin body region.

— Body doping can be eliminated
— higher drive current due to higher carrier mobility
- Reduced impact of random dopant fluctuations (RDF)

Ultra-Thin Body (UTB) Double-Gate (DG)
PN
-/
CUrce - Source i
Si
Buried Oxide
Substrate
T <(1/4) x L, T <(2/3) x L,



Double-Gate MOSFET Structures

Current direction

PLANAR:

Source direction
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L. Geppert, IEEE Spectrum, October 2002



DELTA MOSFET

D. Hisamoto, T. Kaga, Y. Kawamoto, and E. Takeda (Hitachi Central Research Laboratory),
“A fully depleted lean-channel transistor (DELTA) — a novel vertical ultrathin SOl MOSFET,”
IEEE Electron Device Letters Vol. 11, pp. 36-39, 1990
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Double-Gate FinFET

e Self-aligned gates straddle narrow silicon fin
e Current flows parallel to wafer surface

Gate Length =L

Current
Flow

Fin Height H;, =W

| = Fin Width W,,, = T

19



1998: First n-channel FInFETs

D. Hisamoto, W.-C. Lee, J. Kedzierski, E. Anderson, H. Takeuchi, K. Asano, T.-J. King, J. Bokor, and C. Hu,

“A folded-channel MOSFET for deep-sub-tenth micron era,”
IEEE International Electron Devices Meeting Technical Digest, pp. 1032-1034, 1998
-4
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1999: First p-channel FinFETs

X. Huang, W.-C. Lee, C. Kuo, D. Hisamoto, L. Chang, J. Kedzierski, E. Anderson, H. Takeuchi, Y.-K. Choi,
K. Asano, V. Subramanian, T.-J. King, J. Bokor, and C. Hu, “Sub 50-nm FinFET: PMOS,”
IEEE International Electron Devices Meeting Technical Digest, pp. 67-70, 1999
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Che New 1Jork Cimes

MONDAY, DECEMBER 6, 1999

Computer Chip Researchers
Set to Showcase Advances

A Shift to F z;gwerﬁiliniaturizdtéon Is Seen

By JOHN MARKOFF

Computer chip researchers are
gathering for an industry conclave in
Washington this week, where a range
of technical presentations are ex-
pected to revive the recently flag-
ging spirts of the semiconductor
community.

The announcements planned by
I.B.M., Lucent’s Bell Laboratories,
Motorola, the University of Califor-
nia at Berkeley and other research
laboratories at the International
Electron Device Meeting suggest
that researchers are finding ways to
accelerate the speed at which chip
makers can further shrink the size of
the microscopic transistors that are
the basic component of microelec-
tronic systems.

Word of the advances are signifi-
cant now, since a number of promi-
nent semiconductor researchers
have been expressing concerns that
the industry might be approaching
fundamental physical limits that
might curtail chip development.

“This is important because in the
last five years there has been a
doomsday feeling among semicon-
ductor researchers,”” said Chenming
Hu, a ‘University of California af’
Berkeley €lectrical engineering pro-
fessor. A research team led by Mr.
Hu will present a paper detailing a
new kind of transistor that the re-
search team believes can be scaled
down to just 18 nanometers — or
about the width of 100 atoms. That
would be about one-twentieth the size
of today’s smallest transistors.

The Berkeley researchers predict’
that the new transistor design could
lead to devices that store 400 times
as much data as today's densest
memory chips.

While such a transistor might not
be common for another decade, the

ey Jannouncementy indicates
that it might be possible to extend
the future of microscopic semicon-
ductor circuitry well beyond the year
2014, when some researchers have
been predicting that the technology
would meet its theoretical limits.

Since the 1960’s, the chip industry
has operated under an assumption
that had proved so reliable that it is
known as Moore's Law — named for
the Intel co-founder Gordon Moore
who had observed that the number of
transistors that chip makers could fit
on a given piece of silicon was dou-
bling every 18 months. But recently,
even Mr. Moore himself has warned
that the growth rate was coming at
such spiraling costs that Moore's
Law might no longer be sustainable

This week’s meeting, however,
may indicate that the circuiteers
have made new breakthroughs in
their quest for the infinitessimal.

I.B.M. will also report on a new
complementary metal oxide semi-
conductor, or CMOS, chip-making
technology that the company says
should pave the way for a generation
of microprocessors that will reach
computing speeds above a billion op-
erations a second. The new technol-
ogy is based on a relatively new Kind

Developments in
transistors will be
prominent.

of manufacturing process known as
silicon-on-insulator, which offers
higher speeds and lower power con-
sumption than conventional silicon-
based CMOS chips.

The company would not state spe-
cific product dates but said it gener-
ally makes such technology an-
nouncements a year to 18 months
before products are introduced

Researchers at Motorola Labora-
tories have developed a new class of
materials known as perovskites
(pronounced per-AHV-skights) that
will permit a new class of transis-
tors.

Recognition

DARPA Significant Technical Achievement Award
presented at DARPATECH 2000 Symposium




2000: Call from the Industry

e SRC Solicitation: Novel Devices for Information Processing

“Proposals are sought related to novel device structures, arrays or
nanosystems that have the potential to process and store information
at a speed, density and energy efficiency that greatly exceed (100x)

those projected for silicon CMOS at the 35-nm node.”
- UCB Project: “FinFET -- A Double-Gate MOSFET Structure”

— Task 1: Develop a FinFET process flow compatible with a
conventional planar CMOS process.

— Task 2: Demonstrate compatibility of the FinFET structure with a
production environment.

— Funded October 2000 through September 2003 @ $300k/yr

— New graduate students: Pushkar Ranade (now with Intel Corp.)
Peiqi Xuan (now with Marvell Technology)

e Chenming Hu goes to Taiwan Semiconductor Manufacturing Company
(2001-2004)



FINFET Structures

Original:

Improved:




UC-Berkeley FinFET Patent

an United States Patent

Hu et al,

iy Matent Mo,
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US 6,413,802 Bl
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28 Cluims, 4 Drawing Sheets

in

What is claimed is:
1. Amethod of fabricating a double gate MOSFET device

comprising the steps of:

a) providing a silicon on insulator (SOI) substrate with a
first silicon layer overlying an insulating layer and
having an exposed major surface,

b) providing an etchant mask on the major surface,

¢) patterning the etchant mask to define source, drain, and
channel regions and expose surrounding portions of the
silicon layer,

d) etching the exposed silicon layer and forming source,
drain, and channel regions extending from the insulator
layer, the channel being a fin with a top surface and two
opposing sidewalls,

e) forming a gate dielectric on sidewalls of the channel
region,

f) depositing gate material over the etchant mask and the
gate dielectric,

g) selectively masking and etching the gate material to
form a gate on the top surface and sidewalls of the
channel region and separated from the channel region
by the gate dielectric and the etchant mask,

h) forming dielectric spacers between the gate and the
source and drain regions, and

1) doping the source and drain regions.

+ 27 additional claims...
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e To adequately
suppress DIBL,
Lg/Wfin >1.5

— Challenge for
lithography!

N. Lindert et al. (UC-Berkeley), IEEE Electron Device Letters, Vol. 22, pp. 487-489, 2001




Sub-Lithographic Fin Patterning

Spacer Lithography
a.k.a. Sidewall Image Transfer (SIT) and Self-Aligned Double Patterning (SADP)

1. Deposit & pattern sacrificial layer 3. Etch back mask layer
to form “spacers”

SOl SOl

BOX BOX

4. Remove sacrificial layer;
etch SOl layer to form fins

1 0. b

2. Deposit mask layer (SiO, or SizN,)

SOl

BOX

Note that fin pitch is 1/2x that of patterned layer



Benefits of Spacer Lithography

Spacer litho. provides for better CD control and uniform fin width

[
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o . e Spacer lithography
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SEM image of
FinFET with

spacer-defined fins:

Y.-K. Choi et al. (UC-Berkeley), IEEE Trans. Electron Devices, Vol. 49, pp. 436-441, 2002




Spacer-defined FinFETs

Y.-K. Choi, N. Lindert, P. Xuan, S. Tang, D. Ha, E. Anderson, T.-J. King, J. Bokor, and C. Hu,
"Sub-20nm CMOS FinFET technologies,”
IEEE International Electron Devices Meeting Technical Digest, pp. 421-424, 2001
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2001: 15 nm FInFETs

Y.-K. Choi, N. Lindert, P. Xuan, S. Tang, D. Ha, E. Anderson, T.-J. King, J. Bokor, C. Hu,
"Sub-20nm CMOS FinFET technologies,”
IEEE International Electron Devices Meeting Technical Digest, pp. 421-424, 2001
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2002: 10 nm FInFETs

B. Yu, L. Chang, S. Ahmed, H. Wang, S. Bell, C.-Y. Yang, C. Tabery,

C. Hu, T.-J. King, J. Bokor, M.-R. Lin, and D. Kyser,

"FinFET scaling to 10nm gate length,"

International Electron Devices Meeting Technical Digest, pp. 251-254, 2002
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DARPA/SRC Focus Center Research Program

e Center for Materials, Structures, and Devices (MSD)
— Approaches for enhancing FinFET performance
— Funded April 2001 through August 2003
— Student: Daewon Ha (now with Samsung Electronics)

e Center for Circuits and Systems Solutions (C252)
— FinFET-based circuit design
— Funded August 2003 to July 2006

— Students:
e Sriram Balasubramanian (now with GLOBALFOUNDRIES)
e Zheng Guo (now with Intel)
e Radu Zlatanovici (now with Intel Corp.)



FINFET Process Refinements

Y.-K. Choi, L. Chang, P. Ranade, J. Lee, D. Ha, S. Balasubramanian, A. Agarwal, T.-J. King, and J. Bokor,
"FinFET process refinements for improved mobility and gate work function engineering,"
IEEE International Electron Devices Meeting Technical Digest, pp. 259-262, 2002
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FInFET Reliability

Y.-K. Choi, D. Ha, J. Bokor, and T.-J. King, “Reliability study of CMOS FinFETs,”
IEEE International Electron Devices Meeting Technical Digest, pp. 177-180, 2003
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Tri-Gate FET (Intel Corp.)
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Bulk FinFET (Samsung Electronics)

Call amray P"'“F'h""i’

WG

SN

e FinFETs can be made
on bulk-Si wafers

v'lower cost

v'improved thermal
conduction

* 90 nm L, FInFETs
demonstrated
* W, =80nm
* Hg, =100 nm
DIBL = 25 mV

Fiz. 2. Process flow of

highly manufacturable
body fied FinFET

DEAM mtegration

C.-H. Lee et al., Symposium on VLSI Technology Digest, pp. 130-131, 2004




2004: High-k/Metal Gate FinFET
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D.-L. Kwong, A. Agarwal, and M. Ameen,
“Molybdenum-gate HfO, CMOS FinFET technology,”
IEEE International Electron Devices Meeting Technical
Digest, pp. 643-646, 2004
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2005: Strained FinFET Technology

K. Shin and T.-J. King,
“Dual stress capping layer enhancement study for hybrid orientation FinFET CMOS technology,”
IEEE International Electron Devices Meeting Technical Digest, , pp. 988-991, 2005
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I, INncrease with SiGe S/D (IMEC)
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FiInFET Design Considerations

e Fin Width Gate Length \
— Determines DIBL

e Fin Height
— Limited by etch technology
— Tradeoff: layout efficiency

vs. design flexibility
e Fin Pitch AR
— Determines layout area ";ﬂn Fin Height ¥
— Limits S/D implant tilt angle Fin Width

— Tradeoff: performance vs. layout efficiency



FINFET Layout

* FinFET layout is similar to that of a conventional MOSFET.

Bulk-Si MOSFET FinFET
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Drain
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FinFET-based SRAM Design

Best Paper Award: Z. Guo, S. Balasubramanian, R. Zlatanovici, T.-J. King, and B. Nikolic,
“FinFET-based SRAM design,” Int’l Symposium on Low Power Electronics and Design, pp. 2-7, 2005
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State-of-the-Art FinFETs

22nm/20nm high-performance 107
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May 4, 2011: Intel Announcement

A IS EDRNECEI RIS (/3 » Ivy Bridge-based Intel®
Core™ family processors will
be the first high-volume
chips to use 3-D Tri-Gate
transistors.

e This silicon technology
breakthrough will also aid in
the delivery of more highly
integrated Intel® Atom™

3-D Tri-Gate transistors form conducting channels on three sides processo r-based p roducts...

of a vertical fin structure, providing “fully depleted” operation
Transistors have now entered the third dimension!

http://newsroom.intel.com/community/intel_newsroom/blog/2011/05/04/intel-reinvents-transistors-using-new-3-d-structure
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Looking to the Future...

2010 International Technology Roadmap for Semiconductors (ITRS)

2012

2014

2016

2018

2020

2022

2024

Gate Length

24 nm

18 nm

15 nm

13 nm

11 nm

10 nm

7 nm

Gate Oxide
Thickness, Toy (nm)

Drive Current, | ¢ar

*

End of Roadmap
(always ~15 yrs out)



The Competition: UTB SOl MOSFET

Cross-sectional TEM views
of 25 nm UTB SOl devices
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K. Cheng et al. (IBM), Symposium on B. Doris, IEEE SOI *C.C. Wuetal.,
VLSI Technology Digest, pp. 128-129, 2011 Conference 2011 IEEE IEDM, 2010
25 nm
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2.0F Curves for constant DIBL=100mV/V-
L G=28nm, EOT=1.1nm, VDD=1V
—&— ground-plane tri-gate SOI WSV_
Lot —o0— tri-gate SO ' = —
Oe ri-gate Source M Drain T
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Tri-Gate MOSFET Design

— decrease T
— reduce Ty,

- reduce fin aspect ratio...

Adapted from X. Sun et al., IEEE Electron Device Letters, Vol. 29, pp. 491-493, 2008



MOSFET Evolution
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Reflection

Profs. Hu, King, Bokor

"..T._; -~ .
-4 [
&

Subramanlan Digh Hisamoto  Hideki Takeuchi XuejueHuang Wen-Chin Lee Jakub Kedzierski

Stephen Tang
Leland Chang Nick Lmdert

' Pushkar Ranade, Charles Kuo, Daewon Ha e
Balasubramanian zheng Guo Zlatanovici  Prof. Nikolic

“The DARPA-sponsored Berkeley work in the 1990s...and then Intel
internal research in the 2000s contributed to developing increased
confidence that multi-gate transistors would one day be the next
step in transistor evolution... Both Intel and Berkeley can take pride

in the fruits of university — industry partnership in research.”
— Mark Bohr, Intel Senior Fellow

Peiqi Xuan
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