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Programs

Frontiers of Characterization and Metrology for Nanoelectronics

Purpose:

characterization technology needed fo
development, and manufacturing.
The conference will consist of formal invi

apresentation sessions and poster sessions for
contributed papers. The poster papers will cover new developments in characterization and
metrology especially at the nanoscale.

The conference series began at NIST in 1995.



Welcome in Germany
The country where the first metrology institute was founded
Physikalisch Technische Reichsanslt Berlin

First Laboratory of
PTR in 1891

i A

“ pTB Berlin today
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2015 Frontiers of Characterization and Metrology for

Nanoelectronics

Tuesday, April 14

Conference Opening

Keynote Talks

Session Chair: David Seiler, NIST

9:00

Characterization Challenges In The 28 nm Technology Node

Hubert Lakner, Executive Director, Fraunhofer Institute for Photonic Microsystems
9:45

Wide Perspective on Today's Semiconductor Industry

Suresh Venkatesan, Senior Vice President, Technology Development, Global Foundries
10:30

Coffee Break and Poster Viewing

11:00

Nanoelectronics for Metrologx
Klaus von Klitzing, Max-Planck-Institut FKF



129 years ago

Lord Kelvin (William Thomson)
6.May 1886

..l often said that when you can
measure what you are speaking
about, and can express it in
numbers, you know something
about it.

...So therefore, if science is
measurement, then
without metrology there can
be no science

"Science is Measurement”
Henry Marks (1829 — 1898)
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With this painting, Henry Marks became
member of the Royal Academy, London



Nanoscience:
Dimension — Function

SiGe nanocrystals on silicon
group 0.G.Schmidt,
Institute for Integrative Nanosciences Dresden
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The Story of the Egyptian Cubit

It is believed that about 3,000 years B.C., the Egyptian unit of length was established. The Royal Egyptian Cubit was decreed to be eqnal to the length of the forearm from the bent
elbow to the tip of the extended middle finger p 1?3 the width of the palm of the hand of the Pharo %yrulmg at that time. The Royal Cubit Master was carved from a block of black
granite to endure for all time, Workers building tombs, temples and pyramids were supplied with cubit sticks made of wood or granite. The Royal Architect or foreman of each
construction site was responsible for maintaining and transferring the unit of length to the workers’ cubit sticks. It was required that the cubit sticks be brought at each full moon to
be compared to the Royal Cubit Master. Failure to do so was punishable by deat]

Thawngh the punishment prescribed was seceve, the ancienr Fogyplians had anticipated the spirit of ﬁ{rr' present dey system of fegal meteology, standards, traceatility and calibration recall. Witk this standardization
and wnifornity of fength, they achicoed amazing accuracy. The Great Pyveamid of Giza was constructed to stand ranghly 756 feet or 9,009 inches. Using cudit sticks, the builders were within 4.5 fnches an
aecenraey of O.05%.

This story af the Fgyprian cabit was presewted to Fd Nemerolf, NCSE Viee Prestdene - International Division
v Professur; D Mokamed PV President of the figvption National {estitute for Standareds
st cantireimosation of the United States - fugypt Bifaterad Workshops on Metrofogy, Standavds & Conforinsy Assessment
fatuely sponsared by the Enrted Stares Navional fustitute of Stawdareds and Tecnology and the Fgypeics Neatioweal Distitute for Standards
Vlexanddrio, Fogypr
fW%n

Natianal Conference of Standards Labarataries = 1800 30th Street, Snite 3058 « Bowlder, €O 80301 » USA » Phane (303) 440-3339 « Fax (303) 440-3384 = nesi staffenest-ha.org = biepwww nesl-hg.arg



GLOBAL UNITS USED TODAY:

International System
of 7 Base Units

second for time

metre for length
kilogram for mass
kelvin for temperature
ampere for electric current
candela for luminous intensity

http://www.nist.gov mole for the amount of substance



UNIVERSAL SET OF UNITS

(established at the time of the French revolution)

(

(introduced by law for
only 2 years
1793-1795)

22.8.1790: Working Group for an
UNIVERSAL SET OF UNITS



The metre is equal to one ten
millionth part of the quarter of
the terrestrial meridian

The kilogram is equal to the mass
of a decimetre cube of water at
the temperature of melting ice
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- I.a Convention du Metre (1875).
Premictre page el premiéres signatures de 'exemplaire manuserit déposé dans les Archives du Gouvernement frangais (Format original : environ 19,5 em x 31 c¢m).



Properties of the Earth were used to

introduce a Global Sytem of Units

S| Base Units

metric system based on the
metre des archives and the
kilogramme des archives
introduced by France in 1799




A NEW SYSTEM CF UNITS (S UNITS)

Don’t worry:
The units will be exactly identical with our

present units at the time of the introduction
of the new International System of Units

(no change at all for length units)

Kilogram
Ampere, Ohm, Vot
(...but more stable!) Kelvin
Viel




Development of ,, METER"“-definition

#~ 7 1: PROTOTYPE

o

Le

# 2. ATOMIC WAVELENGTH
(1960-1983)

3: FIXED VALUE FOR

FUNDAMENTAL CONSTANT
¢ = 299792458 m/s



Official definition of the length unit 1 meter

(since 1983)

The meter is defined as the length
of the path travelled by light in vacuum
in 1/299,792,458 of a second.

FIXED VALUE OF A FUNDAMENTAL CONSTANT
AS BASIS FOR AN INTERNATIONAL UNIT
(original idea of Max Planck)




1900: Max Planck

(Theory of Black Body Radiation)
Birth of quantum mechanics

Ann.Physik 1, 69-122 (1900) EAAT) = 2hc® 1
’ 15 ehc/AkT _q

“....with the help of fundamental constants we
have the possibility of establishing units of
length, time, mass, and temperature, which
necessarily retain their significance for all
cultures, even unearthly and nonhuman
ones.“

even Aliens understand the
universal language of science p—>
and fundamental constants




g070)  Max Planck and his Universal Units

Planck length |, =

hG

3

hc g
Planck mass m, = ‘/E ~2.18-10"kg

hG

Planck time t,= |[— ~5.39:10™s
C
hc 32
Planck temperature T = . =1.42-10"K
B

Unfortunately, Planck units are useless for practical applications




5 month ago:
25t meeting of the

Conférence générale des poids et mesures

Tuesdav 18 November 2014 at 9:30

at the Palais des Congreés de Versailles.
10 rue de 1a Chancellene,
78000 Versailles, Yvelines, France.

15t General Conference on Weights and Measures: 1889

Constitution of the General Conference on Weights and
Measures

Metre Convention (1875): Article 3

“The Intemnational Bureau™ shall operate under the exclusive direction and
supervision of an intemational Committee for Weightz and Measures .
itself placed under the authonty of a General Conferance on Weightfs and
Measures . consisting of the delegates of all the contracting Govemments.”

Fegulations annexed to the Metre Convention (1875): Article T

"The General Conference, mentioned im Article 3 of the Convention, shall
meet im Paris, on the convecation of the Intematicnal Commitiee at least

onCe SVery six years.



5 month ago:
25" meeting of the

Conférence générale des poids et mesures

List of Draft Resolutions
of the General Conference
on Weights and Measures (25th meeting)

m o N W

On the tuture revision of the International System of Units, the SI

On the election of the International Commuttee for Weights and Measures
On the Pension and Provident Fund of the BIPM

Dotation of the BIPM for the years 2016 to 2019

On the mmportance of the CIPM Mutual Recognition Arrangement



Proposal for a new Sl system

Base Unit Reference constants used to define the unit
in the current Si ﬁarence constant in the new SN
second, s AV(133Cs), ¢ Av(133Cs),..  Cs hyperfine splitting
metre, m c c speed of light in vacuum
kilogram, kg m(x) h Planck constant
ampere, A i = elementary charge
kelvin, K Trow k Boltzmann constant
mole, mol M(12C) N, Avogadro constant

candela, cd Keg Ky luminous efficacy cy
a 540 THz source




'Resolution A

The General Conference on Weights and Measuy

25th meeting, % @\
O, &
LS
W
encourages Q o° ec,\)
O s N7 |
) ¢ Aultative C ommuittees,

the NMlIs, the BIPM, 0‘ 2 Q0 _such as the International
. 0 7 15
Organization of Leg $ &(e \66 o complete all work necessary
for the CGP (\e*, (\'@(0 fopt a resolution that would replace
the curregs 666 A1, provided the amount of data, their
C :
uncertg , (qf\ #Aistency are deemed satisfactory.



Roadmap Until Next CGPM Meeting

Joint CCM and CCU roadmap for the new S

Now Redefinition
a4 : Plenary Talk of Klaus v. Klitzing
:E’M @CCU r’» é at the IMEKO World Congress 20::18
u COnvOCatio cGPM Metfologia special editi on in Belfast (3-7 Sep 2018)..
IIII-I_IIIII-IIIIIIII +. | =
Mise en pratigue (mep kg): CCM (with| references for the mep)
: mep kg
E approved
: u N updated mep|kg
: = > Initial pilot study .[|-cg}Pr @ approvea
: (preparation, measurements & report] ccm .
E @CCU | v
.. BN edraprdinary | ) Trafeanig, @, cOM -
calibration El'l.-'ith IPK DIPK R3 Consultation / announcement
o | _ 23]l
XRCD and available ¥WB publish consistent results cCcMm
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R1&2 .
PRMRRTEE, ) madumeze N4 N, ciom N
: Pool linked to experimen

01.07.2017 CODATA
EMRP kNGW and NewKIL® prgjects
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: or new
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I
2013 2014|2015 2016|2017 2018

& Conditions from CCM Recommendation G1 (2013)




Activities at NIST in 2014

FOR A NEW KILOGRAM




Physics Today July 2014

A more fundamental

International |,
System of Units

David B. Newell

The kilogram will be replaced by
a fixed value of the Planck constant h

International d’Unit onference on Weights
tablished in 1960, its o a 3 M), the International Commit-
tee for
ng an idea proposed  ternational Bureau of We
ns,' the new system  (BII They were formally
ing the Sl and continue to do so.

£ ystem, changing as

length, volume, and mass. The meter came ew rledge > ment needs arise, al-

from a perceived constant of nature: one ten- ¢ im when measured against the

millionth of the distance along Earth’s meridian 5. For example, in the

through Paris from the North Pole to the equatc nturies when natural philosophers

volume and ma - s tried to apply the system of length,

m’ and the k ss, and time —with time defined by astronomical

»d phe-

3 1799, two platinum art a O E E - y and the

s for length and mass base
deposited in the
. . In the words of the rqui reet, David Newell is a physi
also: : )
" o Standards and Technolog: E , Maryland, and

Cold electrons for fast diffraction <4 seople of th DATA Task Group on Fundamental Constants.

The ozone hole turns 30 4
Strategizing for high-energy physics «

A makeover for the Sl

www.physicstoday.org July 2014  Physics Today 35



Basic research on
SILICON FIELD EFFECT TRANSISTORS
initiated the expected change in the
definition of our S| base units

for the discovery of the
Quantum Hall Effect




The QHE has Initiated the

Development of a New Sl System

QHE symposium (MPI Stuttgart, June 2013) Inys

®
2o
The quantum-Hall effect — the key t ‘\o% s

w
Terry Qu ‘v
. | e®
Emeritus Director, International P Q‘e

The New SI is a revisio o‘
the seven base uni é “ o
Wt

Measures, Paris. France

atal System of Units in which each of
ogram, ampere, kelvin, mole and candela,
<cd numerical value of a fundamental constant or

will be defines
constap* (“S ~adopted in principle by the 24th General Conference on
NS

AL

b in 2011 to be implemented when certain experimental data
o proved. Key to the New SI will be the redefinition of the kilogram
? of a fixed numerical value for the Planck constant. Such a definition only

ccame possible with the discovery of the quantum-Hall effect.



The kilogram prototype
In Sevre
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Technology » Science & Space =Shopfor Gadgets

Official prototype of kilogram mysteriously

losing weight

Fosted Q04202007 1:27 P | Comments 127 | Recommend <% 6 E-mail | Frint | m

Enlarge By Jacques Brinan, AF

A ocopy of a 118-yearold eylinder that has been the
international prototype for the metric mass.
American physicist Richard Davis said the reference
kilo appears to have lost 50 micrograms compared
to the awerage of dozens of copies.

electricity generation.

By Jamey Keaten, Associated Press . —

[C) Misex it !
FARIS — A kilogram just isn'twhat it Other ways to share:
usedto he. Dy

The 118-vear-old cylinder that is the EE delicio.us
international prototype for the metric
mass, kept tightly under lock and key ~
outside Paris, is mysteriously losing Ty Feeddit
weight — if ever so slightly. Physicist Facehook
Richiard Davis of the International Bureau
ofwweights and Measures in Sevres,
southwest of Faris, sayvs the reference
kKilo appears to hawve lost 50 microgrames compared with
the average of dozens of copies.

Ea Mewwsvine

b at's thi=~

"The mystery is that they were all made of the same
material, and many were made at the same time and kept
under the same conditions, and yetthe masses among
them are slowly drifting apart,” he said. "We don't really
have a good hypothesis for it"

The Kilogram's uncerainty could affect even countries that
don't use the metric systerm — it is the ultimate weight
standard for the LS. customary system, where it equals
2.2 pounds. For scientists, the inconstant metric constant
is a nuisance, threatening calculation of things like



INSTITUTE OF PHYSICS PUBLISHING METROLOGIA

Metrologia 42 (2005) 71-80 doi:10.1088/0026-1394/42/2/001

Redefinition of the kilogram: a decision
whose time has come

Ian M Mills', Peter J Mohr?, Terry J Quinn?, Barry N Taylor®
and Edwin R Williams®

My Nobel Prize discovery
(Quantum Hall Effect)
plays an important role !



My Nobel Prize is connected with basic research
on the most important device in electronics:

MOS field effect transistor

POTENTIAL PROBES FOR

ACCURATE RESISTIVITY MEASUREMENTS




Field Effect Transistor,

the Backbone of Electronics

Soiica(S) Sate (S Drain (D)

- +
Oxide Layer

N+ ZDEG N+

p-type substrate

very thin electron layer
(2-dimensional electron gas)

created by positive
B‘:‘dy (B) gate voltage




Two-Dimensional Electron Gas

Metal Oxide Semiconductor

ENERGY Electrons confined
in such a thin layer,
that quantum

phenomena dominate
(particle in a box,
electron energy
guantized for motion
perpendicular to the
surface)

+ + + + + + +

1

ELECTRONS



Nobel Prize 2000

Modern version of

| Graphene: The ideal 2DEG Si MOSEET

Heterostructures for fast electronics:
HEMT (2DEG for High Electron Mobility Transistor



current |
h ot

w

£ E
Hall voltage UHI.\:/{netic field B ®

The results obtained are as follows :

AT
C.
‘0616
‘0249
0389
‘0508
0595

Btreogth of
Magnetic feld.

M.
11420 H
11240 «
11060 «

7670
5700 *¢

Current through
Thomson galvanometer.
e,
00000000232
*00000000085
‘00000000135
V0000000147
*DVO000D0104

—if! -

E..(&::D P

Type equation here.
C x Ar

c
303000000000-
329000000000
319000000000-
312000000000-
326000000000¢

Proportional constant gives information about electron concentration

Edwin Hall (1855-1938)



an unexpected plateau
close to the upper limit
A of the x-y recorder

change in y-sensitivity by factor 2

ideal curve
experimental curve

magnetic field B

>



Integer Quantum Hall Effect for

GaAs/AlGaAs Heterostructure

Hallresistance is quantized: R =h/ve?

_C\C} 1 T T T T T |\ J 5

“"'; 0.54 — longitudinal resistance v=8 _ —~
D:>< 1 | — Hall resistance | N g
8 ] P — : V= 9 {— — - mI
% ackga r_ 3 GJ
1% 1 v=7 v=6 O
D r—“l I cC
O ) 2 8
= assical Hall effect 2
E L
E 3
Le; 0.0 0.5 1.0 1.5 2.0

magnetic field B (T)



Unexpected Result
Quantum Hall Effect (QHE)

current |

2-dimensional electron
system in strong
magnetic fields

Ohm’s law:

voltage V V=R-1

v

Under QHE condition, this resistance
has always the fundamental value
R=25812,807...2 = h/e?
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Deutsches Museum
| Montag - Sonntag
) O_Uhr 17. 00 Uhr

The Hall resistance depends
(in a certain magnetic field range)
only on the fundamental constant h/e?
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First draft of the “NOBEL” publication

(submitted 30.5.1980 to PRL)

Realization of

a resistance standard based on natural constants

K. v. Klitzing, Physikalisches Institut der Universitat Wirsz-

burg, D-8700 Wirzburg, FRG
G. Dorda, Forschungslaboratorien der Siemens AG, D-8000 Minchen

and M. Pepper, Cavendish Laboratory, University of Cambridge,

GCambridge, U.K.

Abstract

Measurements of the Hall voltage of a two dimensiocnal electron
gas, realized with a silicon MOS fieldeffect transistor, show,
that the Hall resistance at experimentally well defined surface
carrier concentrations has a fixed value which depends only on

natural constants and which is insensitive to the geometry of

the device.



77 ) Reaction from PRL (20.6.1980)

has been reviewed by our referee(s). On the basis of the resulting report(s), we judge
that the paper is not suitable for publication in Physical ReviewlLetters inits pres-
ent form, but might be made so by appropriate revision. Pertinent criticismextracted
from the report(s) is enclosed. While we cannot made a definite commitment, the prob-
able course of action if you choose to resubmit is indicated below.

( ) Acceptance, if the editors can judge that all or most of the ecriticism has
been met .

( ) Return to the original referee(s) for judgement.

( Submittal to new referee(s) for judgement.

Please accompany your resubmittal by a summary of the changes made, and a briet
response to any criticisms youhave not attempted to meet. Donot ask us tomake changes
in the manuscript, but send us either a new copy or revised pages for substitution.

CAUTION!
PLEASE STAY WITHIN ALLOWE
LENGTH WHENEVER ADDITIONS foibe
OR MODIFICETIONS ARE MADE. wovia] szociace)

enc.

GB/vm




UANTIZED HALL RESISTANCE IN S| OHM

(data collected until 1988)

CSIRO, Australia 25 812.809 (2) Q
NPL, UK 25 812.809 (1) Q
BNM-LCIE, France 25 812.802 (6) Q
ETL, Japan 25 812.806 (6)
NIST, USA 25 812.807 (1) Q
VNIIM, Russia 25 812.806 (8)
VSL, Netherland 25 812.802 (5) @
NRC, Canada 25 812.814 (6) Q
EAM, Switzerland 25 812.809 (4)
PTB, Germany 25 812.802 (3) Q
NIM, China 25 812.805 (16) Q
CSIRO/BIPM 25 812.809 (2) Q
CSIRO/Japan 25 812.813 (2)

BEST VALUE (1990): Ry=25 812.807 (5)

| limitations due to calibration of reference resistor |




i E E
BIPM

- Bureau International des Poids et Mesures BIPM Horne | Site rmap | Metn:-ln:-qt,l |:n:|r‘ta| | kCDB | JCTLM-DB | Contact us

Representation of the ohm by means of the quantum Hall effect*

1988

The Comite International des Poids et Mesures,

acting in accordance with instructions given in Resolution & of the 18th Conférence Genérale des Poids et
Mesures concerning the forthcoming adjustment of the representations of the volt and the ohm,

considering

¢ that most existing laboratory reference standards of resistance change significantly with time,

¢ that a laboratory reference standard of resistance based on the gquantum Hall effect would be stable and
reproducible,

+ that a detailed study of the results of the most recent determinations leads to a value of 25 812,807 & for the
von Klitzing constant, R, that s to say, for the guotient of the Hall potential difference divided by current
corresponding to the plateaud = 1 in the quantum Hall effect,

+ that the quantum Hall effect, together with this value of 8k, can be used to establish a reference standard of

resistance having a one-standard-deviation uncertainty with respect to the ohm estimated to be 2 parts in 107,
and a reproducibility which i1s significantly better,

recommends

¢ that 25 812,807 0 exactly be adopted as 3 conventional value denoted by Rk.ap, for the van Klitzing constant,
Rl‘-’l;

¢ that this value be wsed from 1 January 1990, and not befare, by all laboratories which base their
measurements of resistance on the quantum Hall effect,



http://physics.nist.gov/cuu/Constants/index.html

The NIST Reference on

Constants, Units, and U I'lEEI"[ﬂiﬂt)r' fixed value without uncertainty

just for calibrations, outside our present Sl system

Fundamental Physical Constants i \

conventional value of von Klitzing constant
Rx—g0
Value 25 812,807

Constants
Topics:

Values

Energy
Equivalents

Searchable
Eibliography

Background

standard uncertanty  (exact)

Eelatrve standard uncertanty  (exact)

Concise form 25 812.807 ()



Quantized Hall Resistance
for Different Materials

QHE
Galliumarsenide Galliumarsenide

identical results between

. GaAs and C with an accuracy
10
3.5 partsin 10 of -4.7 + 8.6 parts in 101!

QHE

Graphene
PHYSICAL REVIEW New Journal of Physics
LETTERS The open-access journal for physics y
Voo 66 25 FEBRUARY 1991 Nouamm 8 13 (2011) 093026

Direct Comparison of the Quantized Hall Resistance in Gallium Arsenide and Silicon

Graphene, universality of the quantum Hall effect and
redefinition of the Sl system
T J B M Janssen'%, N E Fletcher?, R Goebel?, J M Williams!,

A Tzalenchuk!, R Yakimova?, S Kubatkin?, S Lara-Avila*
and V | Falko?®




Very Wide QHE Plateau for CVD Grown Graphene on SiC

http://arxiv.org/abs/1407.3615v1

— 9T

<

o a )

3 OF------mm - - _¥__E _______ i_ -

T [ nE f

Em I=20 A . 1 | Hallplateau from 5 Tesla- 20 Tesla

x -10— . . 7 . ' 1 part in 10°

-7

b) ( b/
v_=
nld
10 .

Quantum Hall resistance standard based on graphene grown by

—_ chemical vapor deposition on silicon carbide

G —— | F. Lafont!, R. Ribeiro-Palan’, D. Kazazis®, A. Michon®, O. Couturand?, C. Consejo?

ﬁ GaAs 2DEG at 1.4 K I RH T. Chassagne”, M. Zieclinski®, M. Portail®, B. Jouault?, F. Schopfer! and W. Poirier

L]
Qc 5 S
\ FIG. 1. a) Hall resistance deviation ARy /Ry wversus mag-
N/

netic field B. b) Longitudinal (R.x) and transversal (Ry) re-
sistances (measured with a 100 nA current) as a function of
B varying from 0 T to 19 T for the graphene sample (blue

a 200 _ I . I 1 4 K I I I I I ] curve) and varying f.rom 8T to 13 T for t}le GaAs sample
= | C) . /=20 | (green curve). v, is the Landau level filling factor calcu-
~ 100+ s 22K - .LLA | lated from the carrier density no determined at low magnetic

=} | & | fields. c¢) Longitudinal resistance R, versus B. Error bars
Qc o) I .___ __4_'_?_!(_ _______ ¥—-i- RN S correspond to one standard deviation (1o).
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B(T) Hall voltage >250 mV




QAH (2013): Quantum Hall Effect without Magnetic Field

A The lowest sub-bands
with broken TRS

Fermi level

C Chang et al. Science 2013;340:167-170



Hall Resistance

AYAAAS

C Chang et al. Science 2013;340:167-170

Magnetic Field



Vy (V)

K S Novoselov et al. Science 2007;315:1379

Al AAAS

Published by AAAS



Fundamental Constants

Quantity Symbol Numerical value Unit
electron mass me 9.10938291(40) x 103! kg
proton mass mp  1.672621777(74) x 10727 kg
proton-electron mass ratio myp/me 1836.152 672 45(75)
Avogadro constant Na,L 6.02214129(27) x 10> mol ™!
Faraday constant Nae F 96485.3365(21) C mol ™!
molar gas constant R  8.3144621(75) J mol=! K™!
Boltzmann constant R/Ny k  1.3806488(13) x 102 JK™!
Stefan-Boltzmann const. n2k%/60k°c*> o  5.670373(21) x 10~8 Wm 2% K4
magnetic flux quantum h/2e ®y  2.067833 758(46) x 10~1° Wb
Josephson constant 2¢/h K; 483597.870(11) x 10° Hz V-1
von Klitzing constant h/e? Rk 25812.807 4434(84) 0
electron volt (e/C) J eV  1.602176565(35) x 10719 J

(unified) atomic mass unit =m('2C) u  1.660538921(73) x 1027 kg

A more extensive listing of constants is available NlST

in the references given above and on the NIST ) .

Phvsical M § bt Web site: National Institute of
ysical Measurement Laboratory Web site: Standards and Technology

physics.nist.gov/constants. U.S. Department of Commerce




Consistency Check by “Ohms Law”

guantum Hall effect

Josephson effect

electron pump

© Physikalisch-Technische Bundesanstalt




Semiconductor Quantized Voltage Source

An "integrated quantized circuit" (IQC)

Frank Hohls et al.,Phys. Rev. Lett. 109, 056802



Metrolo |caI tﬂ;ﬁ Ie confirmed up to

Errori‘(I:{':cre al ee\c;teloongBs In Serles

on detector




Self-Referenced Single-Electron Quantized Current Source

Lukas Fricke, Michael Wulf, Bernd Kaestner, Frank Hohls, Philipp Mirovsky, Brigitte Mackrodt,
Ralf Dolata, Thomas Weimann, Klaus Pierz, Uwe Siegner, and Hans W. Schumacher

......

detector signal (a.u.)

1 ] 3 5
Sequences
| () [e)
) ::: ______ Y-
jumps in the detector signal < 1 electron 5l
> x|




For practical applications:

Josephson voltage and quantized Hall resistance
are fixed by the fundamental constants h and e.

Josephson effect: Voltage U < e/h

Quantum Hall effect: Resistance R <> h/e?

All electrical quantities can be measured
(with high precision!)
in units of hand e




Electrical Quantum Standards Formed

the Basis for the New SI

units based on fundamental constants h and e
and on frequency (atomic clock)

electrical resistance

capacitance

Quantum Hall
Effect

inductance

Josephson

voltage

Effect
\ current

QO0OITED

mass (Watt balance)

Frequency
Atomic clock



Quantum-Units:

A Parallel World in our S| System

S| Units Quantum Units

(conventional units outside the official Sl units)

(base and derived)

adjusted
in 1990

The new SI
will unify these two worlds



[MsTITUTE OF PHYSICS PUBLISHING METROLOGLA

Metrologia 42 {2005) 431441 doi: 10 T0BR0026-1304/42/5/014

Towards an electronic kilogram:
an improved measurement of the Planck
constant and electron mass

Richard L Steiner, Edwin R Williams. David B Newell and
Ruimin Liu

National Institute of Standards and Technology (NIST), 100 Bureau Dr Stop 2171,
Gaithersburg, MD 208909-8171, USA

Abstract

The electronic kilogram project of NIST has improved the watt balance
method to obtain a new determination of the Planck constant i by measuring
the ratio of the SI unit of power W to the electrical realization unit Wy,
based on the conventional values for the Josephson constant K4, and von
Klitzing constant Rxoo. The value i = 6.626 069 01(34) x 1077 I s verifies
the NIST result from 1998 with a lower combined relative standard
uncertainty of 52 nW/W. A value for the electron mass

m. = 9.109382 14(47) x 107! kg can also be obtained from this result.



electrical force
(electrical current in
- Magnetic field)

]

Final re§ult: h & m



A LEGO Watt Balance:
An apparatus to demonstrate the definition of mass based on the new SI

L.S. Chao, S. Schlamminger, D.B. Newell, and J.R. Pratt
Physical Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, MDD 20899

(. Sineriz, F. Seifert, A. Cao, and D. Haddad
Joint Quantum Institute, University of Maryland, College Park, MD 20742

X. Zhang
Computational Instrumentation Lab, Massachusetts Institute of Technology, Cambridge, MA 02139
(Dated: December 15, 2014)

A global effort to redefine our International System of Units (SI) is underway and the change
to the new system 1s expected to occur in 2018. Within the newly redefined SI, the present base
units will still exist but be derived from fixed numerical values of seven reference constants. More
specifically, the unit of mass, the kilogram. will be realized through a fixed value of the Planck
constant h. For instance, a watt balance can be used to realize the kilogram unit of mass within
a few parts in 10°. Such a balance has been designed and constructed at the National Institute
of Standards and Technology. For educational outreach and to demonstrate the principle, we have
constructed a LEGO tabletop watt balance capable of measuring a gram size mass to 1% relative
uncertainty. This article presents the design, construction, and performance of the LEGO watt
balance and its ability to determine h.

In the future (new SI):

MASS m — PLANCK CONSTANT h PLANCK CONSTANT h — MASS m




(h-hcopata)hcopata (107)

-500 0 500 1000 1500
" de+  NIST-32014 S
—a—i NRC-1 2012
+5.108 A CODATA 2010 Watt balance data
= . + NPL-2 2012
- 1 METAS-1 2011
o NIST-3 2007
—e—  NPL-2 2007
—e— NIST-3 2005
—e—i NIST-2 1998
—— NPL-1 1990

6.626 066  6.626 070  6.626 074  6.626 078
h(10°%Js)



relative atomic mass of electron (4-10-19)

| molar mass constant = 1g/mol |

| velocity of light

| fine structure constant (3.2 10-10)

A 4 \ 4 v

h]- clA ()M e’
2R

Rydberg constant R_=a?m.c/2h (5-101?) |

Avogadro constant

h-N, =3.9903126821(57) x 1071° Js/mol, with relative uncertainty of 1.4x10"°
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My, -V .
N, == Volume: interferometer for spheres |5|-B

3
\/g ) d220 ) mKugeI

PTB's sphere interferometer
with spherical symmetry

PTB's sphere interferometer enables complete 5\
topographies of spheres, N meter = 600 000. ' -

The radius uncertainty is 0.8 nm

Radius topography of 28Si-sphere S8. Peak to valley \ ~
deviations from roundness amount to 99 nm.



Surface layer characterization for sphere AVOZ28-8

Hydrocarbon liquid (0.47 nm)
H,0(0.28 nm)
NiSi (0.54 nm)

Sio,
d PTB: 1.51 (20) nm

NMIJ: 1.51 (49) nm

SiO(0.1 nm)

Si crystal

ds; (nm) Mg, (1g)
2.72(33) 215(16)




Uncertainty budget

Quantity Relative uncertainty | Contribution
10-° %

Molar mass 8 7

Sphere mass 5 3

Lattice parameter 10 10

Point defects 4 2




Avogadro project and Watt balances
allow high precision measurements of Planck Constant h

Watt balances has been built up in many countries and
seems to be the best way to realize the unit of mass
on the basis of a fixed value for the Planck constant

QUANTUM HALL EFFECT WILL PLAY AN IMPORTANT ROLE
IN OUR NEW INTERNATIONAL SYSTEM OF UNITS




kilogram silicon sphe.re
prototype Avogadro project

quantum Hall effect <> kilogram =T
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Basic research on a silicon
MOSFET opened the possibility
of a new system of units based

on fundamental constants



important material in
microelectronics

but also a very important
material in metrology

The size of the new silicon resonator compared to the size of a coin

The most stable laser in the
world

Silicon resonator with length stability unachieved so far
— for improved optical atomic clocks
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