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The scope of solid state physics
Solid state physics studies physical properties of materials

Material Structure Shape Properties
metal crystal bulk electrical
semiconductor amorphous surface optical
msulator ... etc interface thermal
superconductor nano-cluster mechanical
magnetic ... efc ... efc

.. etc

Solid state physics = [ A} X X{C} X{D}

Always try to understand a physical phenomenon from
the microscopic point of view (atoms plus electrons)!
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MODERN
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SOLIDS
A

Frederick Seitz

McGraw-Hill 1940

FE22194045- Ry (AR [] 44 2
wY — 1 bR EE B EL I BT E
% T EAR Y ERER R ) 2 — N E
CRESLAEXT A N TR B 2R B D

XA A A [ A 3 A ST R
LR BE L 2R, H AT AT E R B R FE
FIT IR () [ A B A8 14 SR A AE % ST ) 4
A, BAEREKNERTTERR T EE
FIEEL, H—EEEMERRSR, mHIE
BBk T3, KB EIEX
e R AR b . (&
A, RS, RRMELE




Al
Rtk

BRZR

FAE

AT E K BEE I R R R BN
FRIo<HE o

&

ey AL

l_

SN VA T

REEAR 1) 26
IR AR % 1] AL
/BZ de-Broglieik HH o B g 1L [
Taaﬁiﬁ‘ﬁt
A AR NS
R EEM

LI X

1K)
}mﬁ%

X,

A N (Hal) Etha:

18] 5 2 [8) A A B

M

S — eI

RE2MENEX

&

X &

Maxwell 5 &

IR PR 5T
To V8 A B R
P

i 15) R 15 3]
LIIEﬂFourlerE‘iiﬁﬁﬁF@UBﬁ
x, ERT
LH:T%’TEE

I
H)

an
FE, 1
R

] F

PR IX PR

LikESy/Bs

EAA 1]

10




ZHIRR R IR EE RS
SRR AE R B A3 T AR 3 — — g B T
XS+ 2 75 J8 A 2537 (AR 3 — — XS R AT 5 5
HL A R B AR — — BRI

N AR PR A DL A i 28] BH & A ) BT T
1 o 7[6% élifﬁ"i AMERT . HEFIHEESMY
@f i, FFHE T Haﬂ'zli*?fﬂﬁ%ﬂﬁfﬁﬁﬁt

FEE REARF RN, BB
e f5 2 ~”JFH§IJTKL 3’375\/&0

El‘
S

AT
\




SR LLZEAZ K E%&ﬁlﬁﬂ%

— 158, gl R,

BHETH . SRR R R E
YR EBRER. 2

\

YEE M\ 5[ 47) B AT
wXH =2 /T

Shockley,*Bardeen,Brattain1947%

LN//PEIE LS S
Z PN %ﬁxfﬁ
A0 9 22— B3 L

i, FHERRIIDIEE S

H] A7) AT

=12 H23H &

TR ERIRE B BORRON, T R BRI e

e =M, 1954Fh%

%%@ﬁmﬂﬁﬁ&%%MWﬁﬂmﬁ% 19504F

e, 19594F4E

RS, 2

5 R SE BRI, X A SE B HE B A A TR 1, Al

RUHES) T HHEALHI R,
PR

&, e SRS

F FEAIEE3IK




A A B R R BOR R R SEH]: R X

X::-l

Capacity (GB)

10000 g : I T T

1000 £

N
O
=
8
may
I

100 |

| FPAEE R
{ 1 Tbit/in?

=
=]

'_l:
TTTIT

1G = 10?
| 1T = 10%2

0.1

0.0LfF =

0.001 £ ' ! : J l J . _254 m
1980.1  1985.1  1990.1 19951  2000.1 20051  2010.1  2015. N = . C

Year


file://///upload.wikimedia.org/wikipedia/commons/9/90/Hard_drive_capacity_over_time.svg

x

e R

"Ring" writing element

E Longitudal Recording (standard)
|—| |—|_|—|—|_|—| Reonrdinglayer

"Monopaole" writing element

4= Recording Layer
4= Additional Layer

¥

S e i

magnetic recording


file://///upload.wikimedia.org/wikipedia/commons/8/8a/Perpendicular_Recording_Diagram.svg

| Western DDigital.

Ultrastar’
' DC HC550

|| DATA CENTER DRIVE

1956: IBM 350, 5 MB Ultrastar HefEZf:: 18 TB
2021


file://///upload.wikimedia.org/wikipedia/commons/b/b4/IBM_350_RAMAC.jpg

Areal density (Tb/in?)

10

ASTC Technology Roadmap

............................................................................

HDMR = Heated-Dot

-------------------- ------------------- 2 Y- Magnetic Recording
: ; (BPMR+HAMR?)
" PMR* = PMR with Two ~ §7" ’ | s
Dimensional Magnetic i : BPMR* = Bit
| Recording (TDMR) Yy A Patterned Magnetic _|
and/or Shingled E : i
Magnetic Recording , HAMR® = Heat Assisted sv?f;:\;ns;ﬁzMR)
(SMR) < Magnetic Recording e
?@?s 5 with TDMR and/or SMR ,

y I oo TR S T NUT. S |
B IR AN I S I
__________ PMR =Perpendicular =~ ¢+ 4 4
__________ Magnetic Recording ]

i i i i i i

2013 2015 2017 2019 2021 2023 2025

Year



Skyrmion-##% B+

AR A SIN
VAL v xy y I\
Tt .\,M:zm:u\)”
3 o > :. j"
- “
S
=
:' s

o3 2%
~ e
B

!

3 I

. /"
” ./ :
o A

\’\:\,:: | - e
\\\\54*“:;1

\ l\\. e Ut
Miihlbauer et al., (2009)

o
—



Skyrmion-race track model
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The first solid-state transistor
(Bardeen, Brattain & Shockley, 1947)
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Cramming More Components onto

GORDON E. MOORE, LIFE FELLOW, IEEE
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2016) SUsll
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.
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Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic. Licensed under CC-BY-SA by the author Max Roser.
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FEATURE SEMICONDUCTORS

THE NANOSHEET TRANSISTOR IS
THE NEXT (AND MAYBE LAST) STEP

IN MOORE’S LAW:te:

Nanosheet devices are scheduled for the 3-nanometer node as soon as 202
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Co-designing electronics with microfluidics
for more sustainable cooling
T SITNER G SIPA

Remco van Erp’, Reza Soleimanzadeh’, Luca Nela', Georgios Kampitsis' & Elison Matioli'™

https://doi.org/10.1038/s41586-020-2666-1

Received: 4 March 2020
Accepted: 10 July 2020
Published online: 9 September 2020

Thermal management is one of the main challenges for the future of electronics'™.
With the ever-increasing rate of data generation and communication, as well as the
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THE SEMICONDUCTOR INDUSTRY
WILL SOON ABANDON ITS PURSUIT
OF MOORE'S LAW.

NOW THINGS COULD GET ALOT
MORE INTERESTING.

extmaonth, the werldwide semiconductor industry will formally
acknowledge what has become Increasingly oberlous to every-
ome lovalved: Moores law, the principle that has powered the
Information-technol ogy revclution since the 19608, 1s nearing
fsend

Arule of thumb that has come to dominate computing, Moore's
law states that the number of transistors on a microprocessar chip
will double every two years or s — which has generally mearnt that
the chip's performance will, too. The exponential improvement that
the law describes transformed the first crude home computers of the
18705 Imto the sophistic sted machines of the 1980z and 19905, and from
there gave rise to high-speed Internet, smartphones and the wired-up
cars, refrigerators and thermost ats that are becorning prevalent today.

Mone of thiswas Inevitable: chiproakersdeliberately chose to stay on
the MooresLaw track. At every stage, software developerscame upwith
applications that strained the capabilities of existing chips consimers
asked mare of thelr devices; and manufacturers rished to meet that
demand with next-generation chips. Since the 19905, in fact, the semi-
comductor industry has released a research mad map everytwoyears to
coordinate what its undreds of manufacturers and suppliers are dolng
tostay in step with thelaw — a strategy sometimescalled More Moore.
It has been largely thanks to this mad map that computers have followed
thelaw's exponentlal dernands.

Mot for miwch longer. The doubling has already started to falter,
thanks tothe heat that is unavoldably generated when more and more
sllicon cirouitry is jamrned intothe sarme small ares. And some even
more fundamental limits loom less than a decade away, Top-of-the-
line microprocessors currently have clrowlt features that are around
14 nanometres across, smaller than most vinses, But by the eady 20208,
says PacloGarglnlchalr ofthe road-mapping organization, "even with
super-aggressive efforts, we'll get to the 2-3-ranometre limit, where
featires ame just 10 atams across. [s that a device at all ¥ Probably not
— If anly becaiise at that scale, electron behaviour will be governed by
quanturn incertaimties that will make transistors hopelesshy unreliable.
And despite vigorous research efforts, there Is no obvious successar to
today's silicon technology.

The industry road maé\ released nesct month will for the first
thme lay out 3 research and development plan that Is net centred on
Maoore's law. Instead, it will follow what might be called the More
than Moars strategy: rather than making the chips better and letting
the applicat iens follow, it will start with applications — frem smart-
phones and supercampiters to data centres in the cloud — and werk
downwards to see what chips are neaded to support them. Among
those chips will be new generations of sensors, power-management
clrouits and ather silicon devices required bya world in which com-
putingls increasingly mobile.

The changing landscape, in turn, could splinter the Industrys long
traditlon of unity in pursutt of Moores law. "Everybody Is strugeling
with what the road map actually reans” says Danlel Reed, a compiter

5 sclentlst and vice-president for research at the Unbrersity of Towa In Towa

FEATURE 130+

City. The Semiconductor Industry Association (SL14) in Washington DC,
which representsall the major U5 flrms, hasalready sald that it willcease
its participation in the road-mapping effort once the report 1s out, and
willinstead pursie its own research and devel oproent agenda.

Everyone agrees that the twilight of Mooreslaw will not mean the
end of progress. “Think about what happenedto alrplanes? says Reed.
“A Boeing 787 doesrt go any fager thana 707 did in the 19508 — but
they are very different alrplanes’, with innovat lors ranging from fully
electronls contrals to acarbon-flbre fuselage. Thats what will happen
with computers, he says: “Innovation will absolutely continue — butlt
willbe more nuanced and complicated

LAYING BO'WH THE LAW

The 1965 essay’ that would make Gordon Maoore famous started with
a meditation on what could be done with the still-new technology of
Integrated circuits. Moore, who was then research director of Falrchild
Semlconductor in San Jose, Californla, predicted wonders such as
home competers, dighal wristwatches, automatlc cars and “personal
portable commminications equlpment” — mobde phones. Bt the heart
of the essay was Moore's atternpt to provide a timeline for this future.
Asameasire of a mkroprocessers computational power, helocked at
transistors, the an—off switches that make computing digital. On the
basis of achlevements by his compary and others in the previous few
years, he etimated that the number aftrmnskstors and cther elactronic
camponents per chipwas doubling every year.

Moare, who would later co-found Intel in Santa Clara, Califormia,
underestimated the doubl ingtime; In 1973, he revised it to a more real-
Istlc two years®. But hisvislon was spot on. The futurethat he predicted
started te arrive n the 15708 and 19805, with the advent of micropro-
CESBOF- equipﬁledconmrpmdmlssuxh asthe Hewlett Packardhand
cakulators, the Apple Il computerand the IEM PC. Demand for such
products was scan exploding, and manufactirers were engaging in a
brisk competition to effer mere and more capablechipsin smaller and
smaller packages (see Moores lore).

This was expensive, Improving a microprocessors performance
meant scaling down the elements of its clrcuit so that more of them
could be packed together onthe chip, and electronscould move between
them mone quickly. Scaling, in turn, required major reflnements in
photelithography, the bask technology for etching those microscople
elements onto asllicon surface. But the boom times were suchthat this
hardly mattered: a self-relnforcing cyde set in, Chips were so versa-
tile that manufacturers could make onlya fow types — processors and
memory, mastly — and sell them in huge quantities. That gave them
enough cash to cover the cost of wpgradingthedr fabrication facilitles,
or ‘fabs; and gtill drop the prices, thereby fuelling demand even further.

Soon, however, [t became clear that this market-driven cycle could not
ssstaln the relentless cadence of Moore'slaw by itself. The chip-raking
process was getting teo complex, often Imvolving hundreds of stages,
which meant that taking the next step down in scale required a net-
work of materials-suppllers and apparatus-makers to deliver the right
upgrades at the right time. *If you need 40 kinds of equipment and cnly
39 are ready then everything stops.”says Kenneth Flamm, an economist
who studies the computer Industry at the University of Tesas at Austin.

Te pravide that coordination, the Industry devised its first read map.
The 1dea, says Gargind, was “that everyonewould have a rowgh estinate
ofwhere they were golng, and they could ralse an alarm 1f they saw
madblocks ahead” The US semiconductor industry launched the map-
plngeffortin 1991, with bundreds of englneers from varouscompanles
workingan the flrst report and its subsequent fterations, and Garginl,
then the director of technology strategy at Intel, as ita chair In 1998,

the effort became the International Technology
D NATURE COM Foadmap for Semiconductors, with participa-
Tohearmoresbout  tion from industry associations in Europe, Japan,
whatwill comeafter  Tabwan and South Korea. (This year's repart, in
Mocra's Law, wizit: keeping with its new approach, will be called the
ge-natureconfupplyx  Internatlonal Roadmapfor Devices and Systems.)
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Limiting error rate
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Need Both Quality and Quantity
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simulatable applications corrected QC =
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Number of Qubits
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1: Quantum Supremacy
2: Look for near-term apps

3: Error correction
Google strategy 4: Full QC
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A revolution of nanoscale dimensions

Mildred S. Dresselhaus

The continued drive to shrink the size and increase the functionality of electronic devices has
seen the influence of nanotechnology strengthen as it offers materials with a layer thickness of

one or a few atoms. Technological changes, awaited by computational scientists, are afoot.
NATURE REVIEWS | MATERIALS VOLUME 1 |JANUARY 2016 | 1

© 2016 Macmillan Publishers Limited. All rights reserved
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Quantum Lego and Nanoscale Programming

—

A sharp (=10 nm) atomic force

Different oxide materials can be coherently microscope tip could "write” and
put together, giving rise to a dizzying array of ~ "erase” conductive structures,
emergent phenomena at the resulting effectively programming all the

interfaces. novel properties to a nanoscale.
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Irvin et al, Nano Letters 13, 364
(2013)

Functional Devices

Nanoscale Photodetector

Irvin et al, Nature Photonics 4, 849
(2010)

Molecular-Scale THz
Spectroscopy

Ma et al, Nano Lett 13, 2884 (2013)
Jnawali et al., APL 106, 211101 (2015)



Quantum Devices

Reconfigurable Superconducting
Nanoelectronics

Single Electron Transistor Reconfigurable
Superconducting

Nanoelectronics

JINE 2001 VO & MO &

nature | -—--sms
nanotechnology

Top tips for sketching
single-electrondevices
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Nanotechnology 24, 375201 (2013) Cheng et al, PRX 3, 011021 (2013)
PRL 120, 147001 (2018) Veazey et al, EPL 103, 57001 (2013)

Cheng et al, Nature Nano 6, 343 (2011)

Electron Pairing without .
Superconductivity Electron Waveguide

Electron Fabry-Perot resonator

o 0 B(M)

PRL 117, 096801 (2016)
Cheng et al, Nature 521, 196 (2015)
PRX, 6, 041042 (2016) Nano Lett. 18, 4473 (2018)
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Quasiparticle_

Signification_

Bipolaron A bound pair of two polarons
Chargon A quasiparticle produced as a result of electron spin-charge separation

Composite fermion

Bound state of an electron and magnetic flux quanta

Configuron

An elementary configurational excitation in an amorphous material which involves breaking of a chemical
bond

Electron hole (hole)

A lack of electron in a valence band

Electron quasiparticle

An electron as affected by the other forces and interactions in the solid

Exciton A bound state of an electron and a hole

Fracton A collective quantized vibration on a substrate with a fractal structure.

Holon A guasi-particle resulting as a result of electron spin-charge separation

Libron A quasiparticle associated with the librational motion of molecules in a molecular crystal.
Magnon A coherent excitation of electron spins in a material

Majorana fermion

A guasiparticle equal to its own antiparticle, emerging as a midgap state in certain superconductors

Phason Vibrational modes in a quasicrystal associated with atomic rearrangements
Phonon Vibrational modes in a crystal lattice associated with atomic shifts

Plasmon A coherent excitation of a plasma

Polariton A mixture of photon with other quasiparticles

Polaron A moving charged quasiparticle that is surrounded by ions in a material
Roton Elementary excitation in superfluid Helium-4

Soliton A self-reinforcing solitary excitation wave

Spinon A guasiparticle produced as a result of electron spin-charge separation
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